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General
Introduction
General Introduction
“How much brain tissue is supplied by this particular artery and what functional
areas depend on it?”
...is probably one of the most important and at the same time one of the most
challenging questions that may be asked by physicians in the diagnosis of a
variety of cerebrovascular diseases. In fact, a reliable answer to this problem is
not only helpful for an advanced diagnosis but can also have a direct impact
on the evaluation of different therapy options and on the definition of the most
promising treatment strategy. Adequate blood flow in the brain - also referred
to as cerebral perfusion - is of vital importance since the brain is responsible
for all functions and cognitive processes of the human body. For this reason,
any kind of therapeutic intervention or treatment in the brain most often has
a direct impact on the acute condition, recovery and future well-being of a
patient.
Providing a reliable assessment of the role of a specific artery regarding the
cerebral blood supply remains challenging in particular when the aim is to give
a statement about a single small vessel deep in the brain. The studies of this
doctoral thesis attempted to contribute to a technical solution of this problem
with the emphasis on selective perfusion measurements of individual intracranial
arteries and at the same time to ensure the clinical applicability in associated
diseases.
In order to appreciate the very condensed scientific reports that originated within
the course of this work the first few chapters intend to make the reader familiar
with the most fundamental physiological and technological aspects presented in
the thesis. Chapter 1 starts by introducing the basic physiology and functional-
ity of the cerebral vasculature and gives a brief overview of the most commonly
used methods and parameters to characterize tissue viability. To this end it
should become clear that a visualization of cerebral perfusion territories on the
basis of magnetic resonance imaging (MRI) is the most promising methodology
to clarify the role of an individual artery with respect to the blood supply of the
brain.
Subsequently, Chapter 2 briefly describes the basics of nuclear magnetic reso-
nance (NMR) and how this phenomena can be utilized to create measurable
signals.
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Chapter 3 continues on this theme, by illustrating the application of NMR ef-
fects for MRI and introduces different concepts of image formation based on
the discussion of fundamental imaging sequences.
This is part and parcel of perfusion imaging strategies based on arterial spin
labeling (ASL) presented in Chapter 4. Here, the basic principle of ASL is in-
troduced and an overview of different labeling techniques as well as the most
important approaches for perfusion territory measurements are provided. Up
to that point, among the existing types of selective ASL sequences a recently
proposed technique named continuous artery-selective spin labeling (CASSL)
seemed to have the highest potential to improve the spatial selectivity of the
label. However, the influence of different labeling parameters has only been
barely analyzed and an optimized adjustment was still missing. The study pre-
sented in Chapter 5 yielded a thorough understanding of the CASSL labeling
mechanism for the first time and made it possible to considerably improve the
spatial selectivity to such an extent that even the blood in single small intracra-
nial arteries could be labeled.
In spite of the technical improvements CASSL still suffers from several limita-
tions making it difficult to utilize the method in a clinical setting. The following
efforts resulted in a complete new and advanced technique for the imaging of
flow territories named superselective pseudo-continuous arterial spin labeling
(pseudo-CASL) as presented in Chapter 6. The method overcomes most of the
limitations of CASSL in conjunction with an improved spatial selectivity and
labeling efficiency as well as sufficient flexibility in handling and planning of
the labeling spot making it possible to employ superselective pseudo-CASL in
clinical measurements.
In Chapter 7, this is extensively demonstrated in selected clinical cases including
arterio-venous malformation, intracranial steno-occlusive disease, ICA occlusion
and brain tumor. In all cases, superselective pseudo-CASL proved its capabilities
as an important clinical tool in providing additional information by perfusion
territory imaging of intracranial arteries which was employed for an advanced
diagnosis, substantiated risk analysis and improved treatment monitoring.
Finally, Chapter 8 elaborates on a new labeling scheme for the acquisition of
perfusion territories of the brain making use of an individual adjustment of the
labeling focus in superselective pseudo-CASL to encompass multiple arteries.
The study demonstrates that an elliptical labeling spot can be formed and used
to recalculate a total of five perfusion territories from the data acquired in a
reduced scan time. In addition, the risk of creating artifacts in the imaging vol-
ume due to interference with the labeling plane is considerably reduced which
makes the method even more applicable in a clinical setting.
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Chapter 1
Chapter 1
Basic Physiology of the
Cerebrovasculature and the
Assessment of Cerebral
Perfusion
The human brain forms the center of the nervous system. It is one of the most
complex organs of the human body, and monitors and regulates actions and
reactions, functions and cognitive processes of the body. Furthermore, it con-
trols vitally important processes like breathing and beating of the heart which
are independent of conscious brain function. Therefore, it is not surprising that
the brain consumes more energy than any other organ of the human body. This
chapter gives a concise overview of brain perfusion, and of the importance of
perfusion territories in general. The most relevant parameters to characterize
perfusion are introduced together with the most well established methods for
cerebral perfusion measurements. In this context, it becomes clear that cur-
rently the assessment of perfusion territories in-vivo is unique to arterial spin
labeling (ASL) based on magnetic resonance imaging (MRI). The applications
of selective arterial spin labeling techniques are briefly reviewed and their im-
portance in many cerebrovascular diseases shown. However, in a variety of
clinical problems unsolved questions and open issues remain, that demonstrate
the limitations of existing methods but at the same time the high requirements
that new approaches for perfusion territory imaging would have to fulfill, which
gives a strong motivation for the work of this thesis.
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Cerebral Arterial Vasculature
The vascular pathways to the brain are demonstrated in figure 1.1 and were
obtained with a contrast-enhanced magnetic resonance angiography acquisition
technique from the aortic arch upwards. The blood is distributed from the
brachiocephalic artery into the left and right sided common carotid arteries
(CCA) and both the subclavian arteries. The CCA can also branch directly
from the aortic arch before it splits into the internal carotid artery (ICA) and
its superficial counterpart the external carotid artery (ECA). The subclavian
arteries feed in each case the left and right sided vertebral arteries (VA) which
merge into the basilar artery (BA) at the lower border of the pons.
Figure 1.1: Coronal maximum intensity projection of a contrast-enhanced magnetic
resonance angiography acquisition of the major brain feeding arteries upwards the
aortic arch in a 68 year old patient. The left vertebral artery presented severe alter-
ations from stenotic processes which had significant effects on the intracranial blood
distribution into the brain.
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Figure 1.2: Transverse maximum intensity projection of a non-contrast-enhanced
magnetic resonance angiography acquisition of the intracranial brain feeding arteries
at the level of the circle of Willis in a 23 year old patient. Clearly visible are the inter-
connecting vessels between the anterior, middle and posterior cerebral arteries forming
a closed circuit and thereby providing sufficient blood supply even in case of limited
or non-functioning blood flow by one of the major brain feeding arteries. However,
the circle of Willis can present large inter-individual variabilities in the anatomical
configuration that can have major impact on the intracranial blood distribution (3,4).
Both the ICAs and the BA lead then into the cranial cavity and deliver about
770 ml/min of arterial blood (1) whereas approximately 75% flows through the
ICAs and about 25% flows through the BA (2). Within the cranium the blood
is distributed in the anterior cerebral arteries (ACA), the middle cerebral arteries
(MCA) and the posterior cerebral arteries (PCA). These arteries form a closed
circuit via connections between each other by the anterior and the posterior
communicating artery which is referred to as the circle of Willis (CoW, figure
1.2).
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The CoW can be understood as a kind of protection system for the brain. In case
of a decreased blood delivery of one of the major brain feeding vessels the other
arteries can partly or (at best) fully compensate the reduced blood flow due
to these inter-connections. However, the CoW presents large inter-individual
variabilities in the anatomical configuration that can have a major impact on
the intracranial blood distribution (3,4). The above mentioned quantities are
measured in a healthy population and can therefore present severe changes in
patients with altered arteries (e.g. due to steno-occlusive disease) and/or due
to anatomical variations in the CoW (5).
Distal to the CoW the intracranial arteries further split into smaller branches and
pass on to the capillary bed, a microvascular structure consisting of the smallest
of a body’s blood vessels with a typical diameter of about 5 to 10 µm only,
before further downstream the capillaries merge into the venous system which
consists of gradually growing vessels that carry desoxygenated and unsaturated
blood back to the heart.
Cerebral Perfusion
In the capillary bed of the brain an exchange of oxygen, carbon dioxide, proteins
and other nutrients that can pass the vessel wall occurs. However, molecules
traveling through the vessel wall need to pass the blood brain barrier (BBB)
- a boundary layer specific to the central nervous system that separates the
circulating blood from the extracellular fluid in the brain. The BBB consists of
closed packed endothelial cells that restrict larger molecules from diffusing into
the cerebrospinal fluid while smaller molecules and specific proteins necessary
to maintain the brain’s metabolism can move through the BBB.
Adequate blood supply to the brain is essential to maintain brain viability and
function. The delivery of arterial blood to the capillary system is referred to as
cerebral perfusion and is therefore one of the most fundamental physiological
parameters that is the basis for the cerebral metabolism. It is directly linked to
the condition of the vascular system and thereby of important diagnostic value
regarding a variety of entities affecting the cerebral vasculature and pathophysi-
ological functions. An impairment of perfusion is usually associated with severe
medical disability and mortality.
Perfusion in general encompasses a variety of processes as described above. It
already involves the blood flow in the brain supplying major arteries starting at
the level of the ICAs and the VAs and depends on the blood flow in the capillary
system and the subsequent extraction of oxygen and other nutrients from the ar-
terial blood. Therefore, several different parameters exist for giving information
about the individual processes associated with the cerebral perfusion.
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The most important are the following:
• Cerebral blood flow (CBF) characterizes the amount of blood flowing
through the capillaries of a certain amount of tissue in a certain amount
of time and is given in [ml/100g of tissue/min]. CBF is probably the most
important parameter to specify perfusion since it is directly related to the
blood delivery function. However, it should be noted, that CBF does
not provide information about the metabolic rate or extraction fraction
from the arterial blood. The whole brain average CBF was found to be
approximately 44.4 +/- 6.5 ml/100 g/min (6) wherein the CBF of gray
matter (58.5 +/- 9.9 ml/100 g/min) is considerably higher than the CBF
of white matter (23.7 +/- 3.8 ml/100 g/min) (7).
• Cerebral blood volume (CBV) describes the relative fraction of capillary
blood in a certain amount of tissue and is expressed in [ml/100g of tissue]
or simply in [%]. For CBV typical values are about 3.8 +/- 0.7 ml/100 g
(6). Increased CBV values indicate a high vascular density or the widening
of blood vessels referred to as vasodilatation.
• Mean transit time (MTT) is the average time for the blood to traverse the
capillary system and is measured in [s]. Values can range from approxi-
mately 2-4 s in healthy populations to more than 10 s in stroke patients
(8,9).
• Arterial transit time (ATT) is the duration for the blood to flow from a
certain position in an artery (e.g. where the blood is being labeled or a
tracer is injected) to the capillary bed in the cerebral tissue.
• Oxygen extraction fraction (OEF) and cerebral metabolic rate of oxygen
consumption (CMRO2) indicate the local extraction and consumption
of oxygen from the arterial blood and the subsequent conversion and
metabolization in the brain (7,10).
Today, a variety of methodologies exist to investigate the hemodynamics of the
brain. However, each technique has its own individual advantages and draw-
backs regarding the invasiveness required for the measurement, the acquisition
and subsequent post-processing time, the spatial resolution and quantitative
accuracy etc.
For a concise overview the most important methods shall be briefly introduced:
In general, the existing approaches for the evaluation of cerebral perfusion can
be categorized into two groups depending on the tracers used for the assess-
ment of hemodynamic relevant parameters. The first group uses non-diffusible
tracers that cannot cross the BBB and therefore remain in the intravascular
lumen of the vessel. Quantitative results can be obtained from dynamic mea-
surements of the first pass of a tracer bolus and the subsequent analysis of
the acquired signal intensity versus time curves based on the indicator dilution
theory (11):
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• Dynamic perfusion computer tomography (CT) employs the first-pass
tracer approach which is based on the intravenous injection of an iodi-
nated contrast agent while continuous scanning is performed (12). For
quantification the signal intensity curves measured in brain parenchyma
require deconvolution by an arterial input function (13). However, the
use of ionizing radiation in addition to the administration of an exogenous
contrast agent restricts this method to patient use only.
• Dynamic susceptibility-weighted (DSC) bolus-tracking MRI (14) utilizes
a decrease in T2 and T2* contrast during the passage of intravenously
injected contrast agent through the capillary system (15,16). Like in
dynamic perfusion CT, deconvolution techniques are necessary to obtain
quantitative results. Contrast agents are based on gadolinium chelates
, but the administration in a clinical setting is considered carefully since
this type of exogenous contrast material can evoke nephrogenic systemic
fibrosis especially in patients with renal impairment (17).
The second group uses freely diffusible tracers that can cross the BBB and
therefore are not restricted to the intravascular compartment. Quantitative
results can be achieved e.g. by the application of the Kety-Schmidt model
(18,19):
• Positron emission tomography (PET) applies positron emitting radioiso-
topes e.g. to water (H215O), oxygen (15O2) or carbon dioxide (C15O2).
While H215O is administered by intravenous injection the aeriform ra-
dioisotopes are continuously inhaled. Quantified values with PET are
highly accurate and often serve as “gold standard” compared to other
methodologies (7,19,20). However, the poor spatial resolution of the im-
ages requires correlation with images acquired with other techniques like
MRI or CT (21).
• Single photon emission computed tomography (SPECT) also employs
radioactive materials and detects the spatial presence of such gamma-
emitting tracer (22). Commonly used tracers are for instance 99mTc-
HMPAO, 99mTc-Bicisate and 133Xe. Since an exact determination of the
arterial concentration of such compounds is difficult, perfusion is accessed
most often only qualitatively. Like PET, SPECT suffers from a limited
resolution of the images.
• Arterial Spin Labeling (ASL) is a MRI based technique that uses magnet-
ically labeled blood as an endogenous tracer. It is the only method that is
completely non-invasive without the use of exogenous contrast agents or
ionizing radiation. Several methods on how to label the blood exist and
various models have been developed depending on the employed labeling
and acquisition approach regarding a quantitative analysis of the data
with different accuracy (23-26). In particular this ability makes ASL not
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only an important clinical tool for various cerebrovascular diseases but
also permits the assessment of cerebral perfusion in healthy populations
without the risk of adverse side effects and thereby to contribute to a
better understanding of the relation between the brain’s feeding vascu-
lature, perfusion, and function. Moreover, ASL is the only method that
offers the possibility to restrict the labeling of the blood to an individual
artery, hence, to image separate perfusion territories (27).
Cerebral Perfusion Territories
Detailed knowledge about the blood distribution in the brain often adds impor-
tant information in the diagnosis of a variety of cerebrovascular diseases. Initial
attempts in the creation of flow territory maps were made in postmortem studies
by injecting colored fluids into the brain supplying arteries (28,29). Subsequent
histological processing revealed delineated territories of the major brain feeding
arteries (ICA, VA) and of the main intracranial arteries (ACA, MCA, PCA). The
findings of these studies are still the basis for generic perfusion territory maps
represented in much of the neuroradiological literature. Nevertheless, especially
in diseased populations clinical practice has revealed significant discrepancies
to perfusion territories based on standard flow territory templates when taking
into account clinical symptoms and additional information on the vascular sta-
tus even without the measurement of actual individual flow territories.
Well established techniques for an investigation of the cerebral vasculature are
Doppler ultrasound or angiographic methods based on MR or CT (MR/CT an-
giography) which make it possible to draw inferences on the condition of vessels
and whether a certain artery presents stenotic alterations or complete occlu-
sion, because this will directly affect the territorial distribution of the blood.
Today, intra-arterial digital subtraction angiography (DSA) is considered the
reference standard for the assessment of the cerebral vasculature. DSA is un-
challenged in terms of spatial and temporal resolution for the imaging of the
cerebrovascular tree and collateral pathways both at the level of CoW as well as
leptomeningeal anastomoses at the surface of the brain. The major drawback
is that the procedure is invasive and requires the use of ionizing radiation. DSA
is associated with a risk of severe complications like the disruption of the vessel
wall or the dislodging of intra-arterial plaque by the catheter used to inject the
contrast agent (30). This can especially occur in patients with altered arterial
architectures and highly tortuous vessels. Another drawback is that no quan-
titative information of the actual perfusion of brain tissue is provided. Instead
only a rough estimate of the perfusion territory associated with the vessel the
contrast agent is injected in can be made. However, DSA acquires mainly two-
dimensional projection images and does not allow for a translation into slice
images which impedes an exact anatomical allocation. Moreover, while the
intravascular injection of the contrast agent takes place the pressure ratios in
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the cerebrovasculature is altered, which can influence the territorial distribution
of the blood (31).
Therefore, a combination of DSA with a contrast-enhanced perfusion imaging
method (e.g. PET) seems optimal but is only rarely performed mainly due to
practical and safety reasons (32). Even if a catheter for contrast agent injection
is placed into the vessel of interest it cannot be monitored during transportation
between the two imaging sites and during perfusion measurements. In addition,
this procedure needs to be repeated for every perfusion territory.
Compared to the above mentioned methods ASL seems more easily applicable
and overcomes various limitations of DSA, since it neither requires exogenous
contrast agents nor ionizing radiation, hence it is the only completely non-
invasive method for the investigation of cerebral perfusion. In recent years,
several approaches have been proposed to selectively apply a magnetic label ex-
clusively to the spins of a specific artery (33,34). A more precise and technical
description about the different labeling approaches and how they can be utilized
for regional perfusion imaging (RPI) is given in chapter 4 of this thesis. Existing
RPI techniques have become important for studying fundamental physiology as
well as clinical problems (34). Flow territory mapping has been already utilized
in many clinical studies, and has thereby proven the potential of selective ASL
as an important clinical tool. In a healthy population RPI made it possible to
investigate the anatomical variations of the CoW in-vivo and the impact on
the territorial distribution of the blood in the brain. It was shown that large
variabilities of perfusion territories exist depending on the configuration of the
CoW such as a missing A1 segment of the ACA or a fetal type PCA (35). Such
information can be of high value in the identification of candidates for interven-
tion when suffering from steno-occlusive disease because the ability to develop
collateral pathways will be directly affected by the territorial distribution of the
blood. RPI methods have also been used to evaluate the flow territories of
the VAs (36,37). The studies have shown that the cerebellum is predominantly
supplied by the ipsilateral VA but the results differed in the amount of mixing
of the blood that supplies the posterior flow territory and that originates from
both the VAs (37).
In diseased populations RPI has already been extensively applied to patients
suffering from stroke and chronic cerebrovascular disease as well as to patients
after intervention. In stroke, the individual measurement of actual perfusion
territories enabled an advanced diagnosis and made it possible to locate the
origin of an embolus and additionally allowed for a classification between cor-
tical and border zone infarcts in contrast to commonly applied standardized
perfusion territory templates (38,39). Such information can be highly impor-
tant for a decision on the optimal therapy and on the artery to be treated.
In chronic cerebrovascular diseases flow territory mapping has been used to in-
vestigate the cerebral autoregulatory status and collateral flow in patients with
symptomatic ICA stenosis (40-46). Selective ASL applied to the vessels in the
neck revealed smaller territories of the ipsilateral ICA and larger territories of
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the contralateral ICA and the vertebrobasilar arteries, supplying especially the
region of the caudate nucleus more often than in healthy people (42,46).
In case of total ICA occlusion the exact knowledge of the blood distribution in
the brain is important for the detection of collateral flow (47-49). The visual-
ization and quantification of the vasodilatory capacities in perfusion territories
of the major brain feeding arteries can help to identify patients with a high risk
of recurrence of ischemic stroke, hence, giving an indication for an appropriate
treatment strategy (35). It has been shown that the MCA territory is mainly
supplied by the BA whereas the ACA territory of the occluded side is fed from
the contralateral ICA. In contrast, the supply of focal brain regions strongly
depend on contributions from the ipsilateral ECA (47,49). RPI techniques have
been used post-intervention for the clinical follow-up of patients having had
an extracranial-intracranial bypass procedure as well as for patients after stent
placement and carotid endarterectomy, thereby, providing both information on
perfusion territories as well as regional CBF which permits validation of the
surgical outcome (41,42,50,51).
The above mentioned studies demonstrated the capabilities of selective ASL
to measure the perfusion territories in healthy and diseased population in a
completely non-invasive way. RPI made it possible to analyze not only the re-
lation between anatomical architecture of the cerebral arteries in the neck and
the effect of the configuration of the CoW on flow territories in the brain, but
also to detect the presence, origin and function of collateral flow in different
cerebrovascular diseases, thereby proving its potential as an important clinical
tool (43). However, due to technical constraints of existing RPI approaches all
previous studies were limited to investigating the perfusion territories of major
brain feeding arteries, namely both of the ICAs and the vertebrobasilar arteries.
Obviously, the requirements on an improved method from a clinical perspective
are an increased selectivity and more flexibility in positioning of the labeling
focus to adapt to individual intracranial arteries especially in patients with al-
tered arterial architectures in order to avoid ambiguity in the interpretation of
the results.
Potential applications for an improved RPI technique may be in arterio-venous
malformation (AVM), brain tumors and other cerebrovascular diseases which
are restricted to the intracranial cavity only. In AVMs, for instance, the nor-
mal blood flow is often disturbed with flow contributions of different brain
feeding arteries to the nidus of an AVM and by the presence of vascular steal
effects (34). Preoperatively applied flow territory mapping may help to visualize
arterio-venous shunting and thereby to identify and differentiate feeding vessels
that exclusively supply the AVM and those also contributing to the perfusion
of brain tissue (so called en-passent feeders). ASL may also demonstrate the
effect of therapy on the blood flow distribution. However, the identification of
arterial feeding vessels still remains superior in DSA, which is mainly because of
its selectivity providing relevant functional information regarding the vascular
supply of AVMs. Existing selective ASL approaches have only been able to
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detect cross-filling feeding vessels to the contralateral hemisphere in AVMs that
affect both hemispheres (52). In combination with 4D contrast-enhanced MR
angiography an improved Spetzler-Martin classification has been achieved, but
no information on the supplied territory of single feeding vessels can be given
especially when the AVM is located entirely in one hemisphere (52).
In brain tumors RPI may help to identify feeding vessels supplying different
compartments of the tumor which may be helpful information for an optimal
diagnosis and for an optimized treatment strategy. MR angiography only pro-
vides information on the vascular enlargement but without detailed information
on the supplied area, in consequence, patients need to undergo a DSA exam-
ination to reveal a reliable estimate of the vascular architecture of a tumor.
Previous studies already showed the potential of RPI measurements for eval-
uating the vascular supply to a tumor, but suffered from limited selectivity so
that they were not able to provide relevant information (53).
Pushing the limits of selective ASL and bringing the RPI methodology to an-
other level in order to possibly allow for improved diagnosis and new insights on
various cerebrovascular diseases was the strongest clinical motivation for this
thesis.
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Chapter 2
Brief Introduction to
Nuclear Magnetic
Resonance
Nuclear magnetic resonance (NMR) is a physical phenomena that is based on
the interaction of atomic nuclei with electromagnetic radiation in an externally
applied magnetic field. Edward Purcell and Felix Bloch were the first scientists
who discovered and investigated the effect of NMR (1,2). As a consequence,
both were awarded with the Nobel Prize in Physics in the year 1952.
Today, NMR is utilized in a variety of technologies, for instance, in NMR spec-
troscopy to study the chemical properties of different molecules. Aside from
scientific applications, NMR is also the basis for magnetic resonance imaging
(MRI), an advanced imaging technology that widely used for diagnostic pur-
poses in medical environments and to visualize the structure and function of
organs in the body.
On the basis of semi-classical mechanics this chapter briefly describes the ba-
sics of NMR and how it can be utilized to create measurable signals. A more
detailed explanation of NMR including a quantum mechanical description can
be found in standard textbooks (3-6).
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Spin and Magnetic Moment
The core of all atoms - the nucleus - consists of positively charged and neutral
particles (protons and neutrons) that account for the bulk of the atomic mass.
Atomic nuclei with unpaired constituents of protons and of neutrons carry an
intrinsic angular momentum ~L and accordingly a non-zero spin. This condition
is fulfilled for isotopes that contain an odd number of protons and/or of neu-
trons, approximately 2/3 of all stable isotopes. The spin is always linked to a
magnetic dipole moment ~µ which is proportional to the spin angular momentum
~L according to:
~µ = γ · ~L (2.1)
with the gyromagnetic ratio γ for a given type of nucleus.
In a collection of nuclei the magnetic moments will usually be randomly oriented.
If a static external magnetic field ~B0 is applied a dipole moment possesses
potential energy of
H = −~µ · ~B0 (2.2)
which depends upon its orientation with respect to the magnetic field. In
addition, the magnetic moment will generally experience a torque (figure 2.1)
that, according to Newton’s second law, is equal to the rate of change of angular
momentum
d~L
dt
= ~µ× ~B0 = γ · ~L× ~B0 (2.3)
This causes the magnetic moment ~µ to precess around the direction of the
external magnetic field rather than to align in the direction of ~B0.
For illustration purposes, one can think of a similar pressecional movement that
is performed by a spinning gyroscope with respect to the earth’s gravitational
field. Taking into account that the torque d~Ldt can also be expressed in terms of
the angular velocity ~ω0 and spin angular momentum ~L as
d~L
dt
= ~ω0 × ~L (2.4)
it follows that
~ω0 × ~L = γ · ~L× ~B0 (2.5)
⇒ ~ω0 × ~L = −γ · ~B0 × ~L (2.6)
⇒ ω0 = −γ · B0 (2.7)
with Φ the precession angle.
The angular velocity of the precessional movement - so called Larmor frequency
ω0 - is characteristic of the kind of nucleus through the gyromagnetic ratio and
of the external magnetic field. In contrast to the quantities in classical physics
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Figure 2.1: Precession of a nucleus’ spin about a static external magnetic field ~B0.
A torque exerted perpendicularly to the spin angular momentum ~L effects a change
in the angular momentum ~dL which is perpendicular to ~L and causing it to precess
about the direction of ~B0.
(as for a spinning gyroscope), a spin cannot be measured in an arbitrary position
with respect to the external magnetic field. The possible measurable energy
levels of a nuclei cannot vary continuously, but are quantized in discrete steps
which are described by the quantum mechanical theory.
When the external magnetic field ~B0 is by convention along the z direction it
will cause the z-component of the magnetic moments to be aligned either with
(parallel) or against (antiparallel) the orientation of ~B0. These result from the
eigenvalues derived from quantum mechanical operators that substitute their
classical equivalents. The possible values for the parallel component Lz of the
spins’ magnetic moment are given by:
Lz = m · ~ (2.8)
m are the 2l + 1 eigenvalues of Lz and can take the values
m = −I, I + 1, ..., I− 1, I (2.9)
with l the spin quantum number. This implies that in an external magnetic
field ~B0 a nucleus can have 2I + 1 eigenstates each representing an individual
spin orientation of the magnetic moment
µz = γ · Lz (2.10)
which corresponds to a precession of the magnetic moment around the z-axis
at fixed angle (figure 2.2).
The energy eigenvalues are given by
Em = −~ · γ · B0 ·m (2.11)
and hence the energy difference between two energy levels of an l = 1/2 spin
system
4E = Em=− 12 − Em=+ 12 = ~ · γ · B0 (2.12)
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Figure 2.2: Precession of two spins with a spin quantum number of l = 1/2. Ac-
cording to equation 2.9 this results in two possible eigenvalues of the z component
Lz of their magnetic moments ~L which represent either the parallel (m = + 12 ) or the
anti-parallel orientation (m = − 1
2
) to the main magnetic field ~B0.
where the higher energy level reflects the eigenstate of the z-component of the
magnetic moment anti-parallel to ~B0 (figure 2.3).
Bulk Magnetization
In the previous section the properties of an individual nucleus were described.
The NMR signal, however, arises from a volume composed of a vast number
of nuclei and is produced by a collection of spins. Without the application of
an external magnetic field the magnetic moments of the individual nuclei will
have a random orientation due to motions produced by thermal energy, and the
vector sum of the magnetic moments results in a net magnetic moment equal
to zero. In an external magnetic field the magnetic moments tend to align
assuming one of the discrete orientations defined by the spin quantum number.
The probability of occupying either the parallel or antiparallel orientation is
almost identical, but the low energy state orientation is slightly favored. This
probability can be calculated using the Boltzmann distribution: The relative
equilibrium distribution between the number of nuclei in the high (N+, anti-
parallel) and in the low energy state (N−, parallel) can be written as
N−
N+
= e(−4E/kB·T) = e(−~ω0/kB·T) (2.13)
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Figure 2.3: Possible energy eigenvalues of a spin with a spin quantum number of
l = 1/2.
According to equation 2.12 a spin can undergo a transition between the two energy
states by absorption or emission of an electromagnetic quantum with the energy
∆E = ~ · ω0. It should be noted that the m = − 12 eigenstate reflects the anti-parallel
orientation of a spin and hence the higher energy level.
with kB = 1, 3807 · 10−23J/K the Boltzmann constant and T the temperature
in Kelvin.
The small inbalance in favor of the low energy state creates a net equilibrium
magnetization oriented parallel to the external magnetic field which has a trans-
verse component equal to zero due to the random distribution of the transverse
component of the magnetization. The equilibrium magnetization - so called
longitudinal magnetization ~M0 - is referred to as the maximum magnetization
available for the NMR signal and is given by the expression
~M0=
%0~2γ2
4kB · T ·
~B0 (2.14)
Spin Excitation
The creation of a measurable NMR signal requires further manipulation of the
spin system. In order to gain information the spins need to be excited, which
can be accomplished by the application of a magnetic field with a frequency
matching the Larmor frequency of the nuclei of interest. This so-called RF pulse
will create a time-dependent deflection of the net magnetization away from the
equilibrium orientation. The RF pulse is represented by an additional magnetic
field ~B1 perpendicularly oriented to the main magnetic field ~B0. The equation
of motion for the bulk magnetization is given by
d~M
dt
= ~M× γ · ~B (2.15)
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with ~B(t) =
 B1cos(ωt)B1sin(ωt)
B0
.
After the RF pulse, the net magnetization precesses about the axis of ~B0 with
the Larmor frequency. A description of the visualization of the motion of the net
magnetization can be simplified by introducing a rotating frame of reference
and by performing a coordinate transformation from the stationary frame of
reference [x, y, z] to a rotating frame of reference [x′, y′, z′] which fulfills a rota-
tion about the z axis of the main magnetic field ~B0 with the Larmor frequency
ω0. In the rotating frame of reference no rotation of the net magnetization
about ~B0 is observed, instead, only the precession about the applied ~B1 field
of the RF pulse is visualized which makes it easier to follow the course of the
magnetization. In general, any time-dependent vector ~v(t) =
 vx(t)vy(t)
vz(t)
 in
the stationary frame of reference can be transformed into the rotating frame of
reference by multiplying with the rotation matrix <
< ·~v(t) =
 cos(ω0t) −sin(ω0t) 0sin(ω0t) cos(ω0t) 0
0 0 1
 vx(t)vy(t)
vz(t)
 =
 vx′(t)vy′(t)
vz′(t)
 = ~v′(t)
(2.16)
Another important expression is given by (7)
d~v(t)
dt
=
d~v′(t)
dt
+ ~Ω×~v(t) (2.17)
which describes the time-derivative of a vector viewed in the two different frames
of reference. ~Ω represents an angular velocity vector rotating with −ω0 · nˆ about
a given direction (with nˆ as unity vector). Using this general relationship we
can transform 2.15 describing the motion of the magnetization into the rotating
frame of reference:
d~M′
dt
=
d~M
dt
− ~Ω0 × ~M = ~M× (ω0 · zˆ)− (−ω · zˆ)× ~M = (ω0 − ω) · ~M× zˆ
(2.18)
If ~B = ~B0 = B0 · zˆ and ω = γ · B0 = ω0 then the angular frequency of the ro-
tating frame is equal to the Larmor frequency and the effect of the static
magnetic field ~B0 disappears. If ~B = B0 · zˆ + B1 · xˆ′ then in the rotating frame
of reference the magnetization will precess about ~B1.
The precession about the ~B1 field of the RF pulse tips the magnetization ~M
towards the xy-plane of the rotating frame of reference by an angle α that is
referred to as the flip angle and is a function of the amplitude B1 and of the
duration 4t given by
α(t,B1) = ω ·∆t = γ · B1 ·∆t (2.19)
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The RF pulses are often named after the value of α, e.g. 90°pulse, 180°pulse
etc.
The resulting net magnetization can be split into two vector components: A
longitudinal component ~Mz in the direction of the magnetic field ~B0 and a
transverse component ~Mxy in the xy-plane perpendicular to ~B0.
Relaxation Process
Immediately after termination of the RF pulse the individual nuclei start to
return to their equilibrium magnetic moment M0 by interaction with surrounding
molecules and with themselves. This process is commonly referred to as spin
relaxation but describes two fundamentally different types of spin evolution
depending on the form of energy transfer and is reflected in the alteration of the
longitudinal magnetization ~Mz and the transverse magnetization ~Mxy. During
the relaxation process, both components of the net magnetization return to
their equilibrium values in a characteristic amount of time depending on various
parameters.
Longitudinal Relaxation
The longitudinal relaxation is based on the energy transfer between nuclei and
the surrounding molecules - the lattice - in which they reside. Consequently, this
process is termed spin-lattice or longitudinal relaxation and can be quantified
by a characteristic T1 value. For an efficient energy transfer the surrounding
lattice must generate random magnetic fields containing components at the
Larmor frequency of the excited nuclei. This is mainly dependent on the size
of the particles forming the lattice and their molecular motion like rotational,
vibrational and translational movements but also the size of the molecules and
their physical state and structure play a major role in determining the efficiency
of the energy transfer and individual T1 relaxation times, respectively. The
evolution of the longitudinal magnetization can be described by the differential
equation
dMz
dt
=
Mz −M0
T1
(2.20)
The solution is given by an exponential expression when taking into account an
initial longitudinal magnetization Mz(t = 0) 6= 0
Mz(t) = M0 · (1− e−t/T1) + Mz(0) · e−t/T1 (2.21)
This reflects the exponential course of the magnetization and the statistical
probability of molecular interactions with the lattice. The T1 time-constant
describes the time that is required for the magnetization to return to (1− 1e )
which is about 63% of its initial value after being excited by a 90° RF pulse
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and is also sometimes expressed as longitudinal relaxation rate R1 = 1/T1. T1
relaxation times can vary from a few milliseconds to several seconds in human
tissues.
Transverse Relaxation
The transverse relaxation describes the energy transfer between excited nuclei
themselves. Accordingly, this mechanism is called spin-spin or transverse relax-
ation and can be quantified in terms of the T2 relaxation time. When spins
are excited with an RF-pulse they initially start to precess coherently, i.e. in
phase, which creates the transverse component ~Mxy of the net magnetization.
Interactions between the excited spins mediated via random local magnetic field
variations result in fluctuations in the precessional frequency of individual nuclei.
This results in a gradual and random dephasing of the spins thus attenuating
the magnitude of ~Mxy. This irreversible process continues until all nuclei precess
randomly and the transverse magnetization completely decayed. The transverse
relaxation process can be expressed as
dMxy
dt
=
−Mxy
T2
(2.22)
with the exponential solution given by
Mxy(t) = Mxy(0) · e−t/T2 (2.23)
The T2 relaxation is largely mediated by fluctuations in the z-component of am-
bient field, and is hence relatively independent of the magnetic field strength. It
is extremely effective in solids and large molecules because of the fixed molec-
ular structure that maintains local magnetic field variations and thus promote
a rapid loss of phase coherence. In solutions, translational motions of the
molecules tend to average local magnetic field variations caused by interaction
of the individual spins which results in rather long relaxation times. There-
fore, T2 times can vary from a few microseconds in solids to seconds in liquids.
However, since the transverse magnetization vector approaches zero during the
process of relaxation, T2 can never exceed T1 relaxation times so that it is
always T2 ≤ T1.
Taking into account both effects of the transverse and longitudinal magnetiza-
tion the three spatial orientations x, y, and z of the net magnetization can be
described with the following equations referred to as the Bloch equations (7):
dMx
dt
= (
−→
M × γ · −→B )x − MxT2 = γ(My · Bz −Mz · By)− MxT2 (2.24)
dMy
dt
= (
−→
M × γ · −→B )y − MyT2 = γ(Mz · Bx −Mx · Bz)−
My
T2
(2.25)
dMz
dt
= (
−→
M × γ · −→B )z − (Mz−M0)T1 = γ(Mx · By −My · Bx)−
(Mz−M0)
T1
(2.26)
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Beside spin-spin interactions the spin coherence is also affected by inhomo-
geneities of the main magnetic field ~B0 and static field gradients throughout
the sample. These can arise from imperfections of the magnet or imperfect
shimming and due to magnetic susceptibility differences of neighboring tissues,
in particular at air-tissue and at air-bone interfaces.
Considering the above mentioned effects the effective transverse relaxation can
be gathered from a combination of T2 relaxation and field inhomogeneities and
is referred to as T∗2 relaxation expressed as
1
T∗2
=
1
T2
+
1
T
′
2
(2.27)
with
1
T
′
2
=
γ · 4~B0
2pi
(2.28)
The time evolution of the transverse magnetization including static dephasing
of the spins is then given by
Mxy(t) = Mxy(0) · e−t/T∗2 (2.29)
under the assumption that T2 effects still dominate the relaxation process.
Signal Detection and Free Induction Decay
A single RF pulse tips the magnetization vector away from its equilibrium orien-
tation along the direction of ~B0. However, only the transverse component ~Mxy
of the net magnetization is detectable and no signal arises from the longitudinal
component ~Mz. Therefore, the signal is of the free precession of the net mag-
netization in the transverse plane and proportional to the magnitude of ~Mxy.
The general solution of the Bloch equations for the transverse magnetization
~Mxy after application of an RF pulse is given by
~Mxy(t) = ~M0 · sin(α) · e(i·ω·t−t/T∗2 ) (2.30)
Following Faraday’s law of induction, a current is induced by precession of the
magnetization vector in a receiver coil which is placed on the region of inter-
est. Quadrature detection enables to measure the x- and y-components of the
transverse component of ~Mxy of the net magnetization simultaneously as the
complex signal S(t).
The induced signal S(t) is referred to as the free induction decay (FID) since
it gradually decreases due to relaxation processes and has the following charac-
teristics:
• The signal oscillates at ω0 of the excited nuclei.
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• Its initial magnitude is proportional to the spin density in the measured
region.
• The FID follows an exponential decrease with T∗2 relaxation due to spin-
spin interactions and inhomogeneities in the main magnetic field ~B0.
The associated frequencies present in the decaying signal can be mathematically
obtained by applying a Fourier transformation that yields
S(ω) =
tˆ
0
S(t′) · e(−i·ω·t′)dt′ (2.31)
which results in
S(4ω) = ~M0 · sin(α) ·
1
T∗2
− i ·∆ω
( 1T∗2
)2 + (∆ω)2
(2.32)
with ∆ω = ω − ω0. This signal acquisition and its subsequent transformation
forms the basis for the reconstruction of MR image data.
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Magnetic Resonance
Imaging and Concepts of
Image Formation
The term ’magnetic resonance imaging’ (MRI) refers to a systematic combina-
tion of the externally applied static magnetic field with superimposed optional
switching of weak magnetic field gradients and radiofrequency (RF) pulses to
produce measurable signals and to localize their origin in a sample. This infor-
mation is subsequently used to create an image that gives a specific represen-
tation of the measured volume. There exist a variety of strategies for image
formation in order to generate an image with a certain spatial resolution, con-
trast or even functional information acquired in a certain amount of time.
This chapter focuses on the application of NMR for MRI in general and briefly
discusses different concepts of image formation. Two fundamental imaging
sequences, the spin echo sequence and the gradient echo sequence are intro-
duced. In addition, an advanced pulse sequence design, echo planar imaging is
presented. More detailed insights into imaging strategies can be gained from
various textbooks like (1-3).
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Magnetic Field Gradients
The spins of a probe will all contribute to the signal that can be received after
excitation, if the probe is located in a static uniform magnetic field. However,
since all the spins will rotate with the same Larmor frequency no information on
their spatial distribution can be obtained. As will be explained in the following
a spatial encoding of excited spins can be achieved by weak magnetic fields
(magnetic field gradients) that change linearly with position and that are su-
perimposed on the static main magnetic field. Three differently wound gradient
coils on a cylinder can produce orthogonal magnetic field gradients in the x,
y and z directions. Hence, a a suitable combination of applied magnetic field
gradients makes it in principle possible to resolve the spin density function in
three dimensions.
Slice Selection
The static main magnetic field ~B0 can be superimposed with a magnetic field
gradient that changes linearly with position. If such a gradient is applied for
example in the direction of ~B0 (by convention in z-direction) the spins in a
sample will resonate at different Larmor frequencies ω depending on the position
along the gradient:
ω(z) = γ · (B0 + z · Gz) = ω0 + γ · z · Gz (3.1)
Thus, the application of a RF pulse with with a bandwidth ∆ω, can be used
for slice selection since only those nuclei will be excited within the range of
frequencies ∆ω. The thickness ∆z of an excited slice is then given by
∆z =
∆ω
γ · Gz (3.2)
From equation 3.2 follows that the slice thickness is controlled by the amplitude
of ~Gz and the bandwidth ∆ω of the RF pulse. The position of the slice is
modified by means of the carrier frequency of the pulse. The pulse shape also
contributes significantly to the slice thickness and shape. For example a sharp
rectangular slice profile can be achieved for small flip angles α by utilizing a
sinc RF pulse according to the function
sinc(α) =
sin(α)
α
(3.3)
since the slice profile and RF pulse envelop for small excitation angles are re-
lated by the Fourier transformation.
However, according to equation 3.1 the spins across the thickness of a slice
will precess at slightly different Larmor frequencies ω under the influence of
a slice selection gradient ~Gz so that spins dephase even within the selected
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slice. Therefore, it is necessary to rephase spins in the slice in order to achieve
the maximum possible signal intensity. This is taken into account by another
magnetic field gradient that has the opposite polarity and that is applied im-
mediately after the initial slice selection gradient to recover the spin’s phase
coherence within the slice.
Slice selection gradients are always adjusted perpendicularly to the slice orien-
tation and can be applied in any possible direction. The position of a selected
slice can then be changed by off-centering the gradient or by changing the
frequency of the RF pulse.
Frequency Encoding
In a sample a slice is defined by applying a slice selection gradient ~Gz in con-
junction with an RF pulse. A spatial resolution within the slice requires the
utilization of a second gradient ~Gx that is applied orthogonally to ~Gz during sig-
nal acquisition and thus is termed the read-out gradient, measurement gradient
or frequency encoding gradient. Hence, the frequency of the emitted signal is
composed of a variety of frequencies and is given by
S(tread−out) =
xˆ
0
ρ(x′) · e(−i·γ·Gx·tread−out)dx′ (3.4)
with ρ(x) the spin density distribution along the frequency encoding direction
and with tread−out the time of acquisition. Subsequent Fourier transformation
will give a projection of the signal on the x-axis, i.e. the frequency can be related
to its position along the x-direction. The amplitude at each frequency (i.e. the
intensity at each position along the x-axis) is proportional to the summed signal
in y-direction for a certain x-position. In practice, a first read-out gradient is
already applied immediately after the 90° excitation pulse which results in a
dephasing of the spins in the measurement direction for signal sampling reasons
which will be explained in more detail in the following sections.
Phase Encoding
The read-out gradient ~Gx introduced in the previous section provides spatial
information only along one axis of the image slice. Therefore, a third so called
phase encoding gradient ~Gy needs to be applied for a short period of time
tphase−encode prior to and orthogonally to ~Gx. When the slice selection gradient
~Gz has been played together with an RF excitation pulse all spins in the slice
precess at the same nominal frequency. The subsequent application of ~Gy
will alter the spin’s resonant frequency and hence their precessional motion
according to their position along the y-axis. After termination of ~Gy the spins
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along y-direction start to precess at the same frequency but their phase has
been altered according to their position along the y-axis. The phase difference
is then given by
4ϕ(y) = γ · Gy · tphase−encode · y (3.5)
When the read-out gradient ~Gx is employed the precessional frequency of spins
varies along the x-axis and still varies by phase along the y-axis. The signal
at a particular frequency - i.e. at a particular position along the x-axis - is
compound of all spins (and their vector components) in y-direction. Hence,
the overall signal that is generated consists of all frequency components along
x-direction. However, since there is only a phase dependence but no frequency
dependence along the y-direction after the application of ~Gy, a single phase
encoding gradient is not sufficient to clearly localize the origin of the acquired
signal. This makes it essential to repeat the process as many times as there
are points to be sampled along the y-direction but each time with a different
gradient strength of ~Gy. Both, the frequency and the phase encoding mecha-
nisms are mathematically described in a similar way and can be understood as
two processes taking place along two different dimensions. Equation 3.4 then
becomes
S(tread−out,Gy) =
yˆ
0
xˆ
0
ρ(x′, y′) · e(−i·γ(Gx·tread−out+Gy·tphase−encode))dx′dy′ (3.6)
K-Space
The exponential term in equation 3.6 can be referred to as a wave number of a
Fourier transformation that is dependent on the spatial location in the sample
and on the evolution of the applied gradient fields. By defining
kx(t) =
γ
2pi
· Gx · tread−out (3.7)
and
ky(t) =
γ
2pi
· Gy · tphase−encode (3.8)
each point in time can be related to a certain position in the so called “k-space”
or “k-plane” spanned by kx and ky when integrated over time and during the
application of a gradient field. This point in k-space can be expressed by a
vector
~k(t) =
tˆ
0
~G(t′)dt′ (3.9)
Equation 3.6 describing the MR signal then becomes
S(ky, ky) =
yˆ
0
xˆ
0
ρ(x′, y′) · e(−i·2pi(x′·kx+y′·ky))dx′dy′ (3.10)
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From equation 3.9 it can be seen that a position in k-space at a certain point
in time is directly dependent on the area under the gradient time course at
that time. The k-space vector defined in equation 3.9 makes it possible to
explain different imaging sequences in terms of their k-space trajectories. In
this manner, k-space allows for a graphical representation of how the MR signal
is collected during the data acquisition. Final images will be produced by Fourier
transformation of the acquired k-space data. This formalism is beneficial in the
description of the phase and the frequency encoding processes and in general
for the understanding of different pulse sequences used for MR imaging in the
following section.
MRI Pulse Sequence Fundamentals
One of the many advantages of MRI compared to other image modalities is the
variety of contrasts that can be generated between different matters or tissue
types in a region of interest. The contrasts arise from the fact that the MR
signal in an image is not only dependent on the proton density but is also a
function of several other parameters like the T1 and T2 relaxation times, the
motion of molecules, the susceptibility changes in the sample etc. Thereby,
an image can be “weighted” according to the relative contribution of each of
the above mentioned parameters which is controlled by adjusting the timing
and the amplitude of RF pulses and gradient fields in conjunction with the
subsequent data acquisition. Usually, an MR experiment consists of a sequence
of RF and gradient pulses and is therefore also referred to as an MR pulse
sequence. However, the multitude of existing pulse sequences can be reduced
to two fundamental sequences that will be introduced in the following section.
In addition, an advanced sequence for rapid image acquisition is introduced that
was used throughout this work.
Spin Echo Sequence
The basic principle of a spin echo (SE) sequence is the successive application of
90° and 180° RF pulses in order to generate maximum transverse magnetization
available at the time of signal acquisition (4).
Figure 3.1 shows the pulse sequence diagram of a standard SE sequence. The
sequence begins with a 90° RF pulse in conjunction with the slice selection gra-
dient to exclusively excite the spins that meet the resonance condition according
to equation 3.1 and thereby to define an image slice. The second gradient with
opposite polarity along the slice direction evokes the spins to rephase within the
slice (which is explained in more detail in the slice selection subsection of this
chapter). In terms of k-space, this means that the k-space vector still resides
in the center of the k-plane at kx = 0 and ky = 0 (figure 3.2).
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Figure 3.1: Pulse sequence diagram of a spin echo sequence.
Immediately after the 90° excitation pulse, a read-out gradient is applied that
results in a dephasing of the spins in the measurement direction. This moves the
k-space vector to a position kx,max in the k-plane. When the phase encoding
gradient is employed the spins will accumulate a certain phase offset in this
direction which affects the k-space vector to a certain position along the ky
axis. For time-saving reasons, the slice rephasing gradient is usually played
out at the same time with the dephasing gradient in read-out direction and the
phase encode gradient as indicated in figure 3.1. Accordingly, the k-space vector
directly moves to a position kx,max, ky in the k-plane (figure 3.2). At this point,
the magnetization only has been flipped into the xy-plane and the subsequent
application of gradient fields altered the phase in a designated way. However,
during the course of these actions the spins that have been tipped into the
xy-plane already started to dephase due to spin-spin interactions (T2 effects)
and field inhomogeneity effects (T∗2 effects). An acquisition at this point in
time would therefore result in reduced signal. In order to generate a maximum
transverse magnetization a slice selective refocussing pulse is employed in the
transverse plane (in this discussion along the y (phase encoding) direction) at
a time TE/2 that conjugates the phase of the magnetization by rotating the
spin’s magnetization vectors around 180°.
In terms of k-space this means that the actual position is mirrored about the ky
axis. Subsequently, the magnetization is rephased and forms an echo after the
time TE from the initial 90° excitation pulse, which duration is termed the echo
time (see figure 3.3). Afterwards, the final signal acquisition is started during
the application of the read-out gradient which is usually centered around the
echo time TE and which moves the k-space vector continuously along kx until
a full k-plane profile has been filled.
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Figure 3.2: Acquisition of k-space in a spin echo pulse sequence.
After a sufficient long time TR - the so called repetition time - that is required
for the magnetization to relax the whole process can be repeated. Usually, this
requires TR  T1which is in the order of several seconds. Every pulse train
is then played out with a different phase encoding gradient so that each time
a different k-plane profile is filled until all data is collected for the subsequent
image reconstruction.
A SE sequence is especially advantageous for data acquisition from regions
that suffer from static inhomogeneities in the magnetic field since all signal loss
due to dephasing of spins caused by these inhomogeneities can be recovered.
However, the rather long repetition times between the acquisition of the k-
plane profiles result in long measurement durations which make the sequence
less time-efficient.
Figure 3.3: Generation of a spin echo.
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Gradient Echo Sequence
Just like a SE sequence, the aim of a gradient echo (GE) sequence is to pro-
duce maximum transverse magnetization for signal acquisition by rephasing the
spins into an echo (5,6). The fundamental difference is that instead of a 180°
refocussing pulse a gradient field is reversed to generate an echo. Figure 3.4
shows a GE pulse sequence. Again, the sequence starts with a slice selective 90°
excitation pulse with subsequent application of the slice rephasing, the phase
encoding and the read-out gradients which effects the k-space vector to move
to a position kx,min, ky in k-space (figure 3.5). The spin dephasing that has been
induced by the read-out gradient can be reversed by the application of a second
gradient in read-out direction that has opposite polarity to the first one. The
loss of phase coherence during the first read-out gradient is canceled out since
spins that experienced a negative gradient field now reside in a positive field and
vice versa so that a (gradient) echo of the spins is composed exactly at the time
when the time integral of the two read-out gradients is zero. The signal acqui-
sition is performed while the second gradient in read-out direction is played out
until one k-plane profile is filled. The measurement time of GE sequences can
be significantly decreased by the application of excitation pulses less than 90°.
Accordingly, there is less time required for the longitudinal magnetization to
relax so that the repetition time TR can be shortened to few tenths of a second
which makes the GE sequence much more time-efficient when compared to a
SE sequence.
Figure 3.4: Pulse sequence diagram of a gradient echo sequence.
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Figure 3.5: Acquisition of k-space in a gradient echo sequence.
(In principle, repition times TR can also be shortened in SE sequences, however,
the inherent application of RF pulse trains induce large RF power depositions
which are limited by the specific absorption rate (SAR) in order to avoid poten-
tial heating in the tissue of a patient.) However, a GE sequence is much more
prone to local magnetic field distortions resulting in a phase accumulation of
the spins which cannot be reversed due to the absence of refocusing pulses.
Echo Planar Imaging
A very fast and time-efficient way of image acquisition can be achieved with
the so called echo planar imaging (EPI) sequence (7). In multiple or even
only a single excitation the entire k-plane can be sampled by rapid switching
of the read-out gradient in conjunction with short gradient pulses in phase-
encoding direction. Again, the sequence begins with a slice selective excitation
that follows the application of slice rephasing, phase-encoding and read-out
gradients (figure 3.6). The phase-encoding gradient needs to be large enough
to move the k-space vector to a position kx,min, ky,min, i.e. to one corner of
the k-plane. The subsequent read-out gradients are switched in an oscillating
pattern where each gradient lobe generates an echo that is used for signal
acquisition and fills one line in k-plane (figure 3.7).
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Figure 3.6: Pulse sequence diagram of an echo planar imaging sequence.
In between the switching read-out gradients small phase-encoding gradients are
applied for a very short period of time (therefore also named “blips”) which
effectively moves the k-space vector to the edge of the next k-plane profile.
Due to the alternating acquisition order of each profile the read-out gradients
are switched between positive and negative gradient strengths. The complete
k-space can thus be filled with a single slice excitation before the excitation for
the next slice starts. In this case, the sequence is referred to as “single-shot
EPI” with typical acquisition times in the order of tens of milliseconds. Even
today, this type of imaging sequence makes high demands on the hardware of
commercial MRI scanners due to the high slew rates and the fast switching of
the gradients. However, EPI imaging is essential for perfusion measurements
as performed in this thesis, especially in combination with arterial spin labeling
which will be discussed in the following chapters.
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Figure 3.7: Acquisition of k-space in an echo planar imaging sequence.
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Arterial Spin Labeling
Perfusion imaging concepts based on arterial spin labeling (ASL) all rely on the
same principle of using magnetically labeled blood as an endogenous tracer.
Several strategies have been proposed for an effective tagging of the blood
in order to achieve high quality images with respect to labeling efficiency and
signal-to-noise ratio in an acceptable acquisition time. Moreover, a variety of
regional perfusion imaging (RPI) approaches have been developed for different
ASL methods that allow for the labeling of blood spins in individual arteries.
Thereby the perfusion territory of a single artery can be visualized in a com-
pletely non-invasive way. In this chapter, the basic principle of ASL is presented
and an overview of the different labeling methods is given. In addition, the
most important approaches for RPI are introduced and briefly discussed.
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Basic Principle
Arterial spin labeling (ASL) is an imaging modality for the visualization of tis-
sue perfusion and was already proposed in the early 90s (1,2). The inherent
non-invasiveness of ASL is certainly one of the biggest advantages compared
to other perfusion sensitized techniques like PET or DSC. The blood itself is
utilized as an endogenous contrast agent making any exogenous contrast agent
material redundant. Especially this issue is becoming ever more important with
regard to potential risks for developing nephrogenic systemic fibrosis (NSF)
after the administration of Gd-based contrast agents in commonly used MR
perfusion methods (3,4). ASL can also be beneficial for examinations in small
children and neonates because intravenous access is often difficult to achieve in
such patients (5). Furthermore, since ASL is a MR based imaging technique the
patient is not exposed to ionizing radiation. Additionally, ASL perfusion MRI of
the brain can provide quantitative information about cerebral hemodynamics,
mainly on the cerebral blood flow (CBF) and in an acceptable measurement du-
ration, usually of the order of minutes, and with sufficient spatial resolution of
about 2-3 mm in-plane. However, in contrast to DSC MRI measurements, ASL
cannot reliably provide cerebral blood volume (CBV) estimates, since it relies
on blood as a freely diffusible tracer. For clinical purposes the measurements
are most often combined with other imaging techniques like MR angiography
(MRA), diffusion weighted imaging (DWI), T2 weighted imaging, and suscep-
tibility imaging allowing for a complete evaluation of the cerebral circulation in
normal as well as pathological conditions (6-8).
In general, ASL relies on the labeling of blood water spins proximal to the imag-
ing region. After a certain period of time - the post-labeling delay - which is
required for the blood to travel to the imaging region the magnetically labeled
spins exchange with tissue water molecules thereby reducing the overall tissue
magnetization. The acquired (labeled) images are thereby sensitized to the
magnetic difference between labeled spins and static brain tissue. In order to
achieve a purely perfusion-weighted signal, a second image acquisition (control)
is needed ideally without the blood magnetization being altered. Subsequent
subtraction of both label and control images eliminates all static tissue signal
and results in a pure perfusion weighted image (figure 4.1).
In practice, a number of difficulties exist that can affect the image quality
and degrade the resulting images. The difference between perfusion and back-
ground signal is usually about 1-2% and mainly depends on parameters such
as the blood flow velocity, the T1 relaxation of blood, the labeling efficiency as
well as the inflow time into the brain. In order to ensure sufficient SNR several
pairs of label and control images are acquired usually of the order of tens which
can make the measurements sensitive to subject motion (figure 4.1). The latter
can create severe artifacts, especially because subtraction and accumulation of
labeling and control image pairs is involved. Additional saturation and inversion
pulses in the labeling sequence can be utilized for background suppression so
that effects induced by motion or other system instabilities are reduced (9).
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Figure 4.1: General post-processing scheme of an ASL sequence consisting of 15 pairs
of label and control images in order to produce a perfusion-weighted image.
Basically, the pulses are applied at a certain time before the read-out starts
which causes the signal with a particular T1 relaxation time to be nulled at the
time of the image acquisition.
Another important issue is that the labeling RF pulses of many ASL methods in-
duce alterations in the magnetization state of static brain tissue by off-resonance
and magnetization transfer (MT) effects, respectively, that can heavily affect
the results of perfusion measurements (10). MT effects are based on cou-
pling and exchange processes between water protons bound to macromolecules
and freely diffusible protons in tissue water. Macromolecules can have a much
broader absorption bandwidth than tissue water protons, hence, can be much
more sensitive to off-resonance irradiation. In ASL, such conditions are quite
easily fulfilled depending on the strategy for labeling the blood. For instance,
the application of longitudinal gradients proximal to the image stack can pro-
mote large frequency offsets during RF irradiation for the spin labeling resulting
in a saturation of macromolecules in the imaging region (11). The associated
MT effects cause a loss in the tissue water signal intensity which will degrade
the image quality of perfusion weighted images. To overcome these kinds of
artifacts is technically quite challenging, but several strategies have been devel-
oped for the different ASL techniques to generate identical MT effects in both
label and control experiments that ideally cancel out by subtraction (11-14).
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Apart from the labeling itself, ASL measurements require a fast image acqui-
sition. Most often echo planar imaging is used; however, other read-out tech-
niques have also been employed in combination with ASL like spiral (15,16),
balanced steady-state free precession (BSSFP) (17) and combinations of gra-
dient and spin echo pulse sequences (GRASE) (18).
Labeling approaches in ASL
In general, ASL can be divided into four types depending on the strategy on
how the blood spins are labeled. Each group encompasses a variety of subtypes
with modifications in how the labeling is achieved and with individual merits
and drawbacks especially when the aim is to quantify the perfusion signal. A
detailed description of the various methods can be found in a number of review
articles (5,19-23). Here, only the fundamental principles of each group shall be
described that may be important for the discussion of the different approaches
in perfusion territory imaging.
Continuous ASL (CASL)
In CASL, continuous RF pulses with durations of 1-2 s are applied to invert the
blood spins when flowing through a thin plane proximal to the imaging slices
(figure 4.2). This process takes advantage of an effect named “adiabatic fast
passage” (AFP) (24). Usually, the precession about the effective field ~B of
an RF pulse is used to tip the magnetization ~M towards the xy-plane so that
the angle between ~B and ~M is large. In AFP the orientation of ~B changes
continuously during RF irradiation while the angle between ~B and ~M ideally
remains constant so that the magnetization ~M can follow the effective field of
the RF pulse. This can only happen, if the change in orientation of ~B is slow
enough that the magnetization ~M is able to follow it, which is referred to by the
term “adiabatic”. On the other hand the whole process needs to be quicker than
any relaxation process giving rise to the term “fast”. In CASL, AFP is achieved
by the application of a gradient in the direction of the flowing spins. This
implementation sweeps the effective Bz field and the RF pulse is held constant
(here, z is assumed the direction of flowing spins). By moving through the
gradient field the spins experience a modulation of the instantaneous Larmor
frequency or more precisely a linear sweep of their resonance frequency when
flowing with a constant velocity. In this way, an inversion by so called flow-
driven adiabatic fast passage is achieved. The requirements to be met for this
process can be expressed in
1
T1
,
1
T2
 |
~G ·~v|
|~B|
 γ · |~B| (4.1)
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Figure 4.2: Illustration of two different CASL approaches. Red and white bars in-
dicate the labeling plane and the image slices, respectively. Both methods employ
a proximally located inversion plane for the labeling of the blood spins. Single slice
experiments position the labeling slab in the control scan in the same distance distal
to the image slice in order to compensate for off-resonance effects without affecting
the blood spins (a). In multi-slice experiments the labeling slab resides at the same
location in the control scan but the amplitude of the labeling RF pulses is modulated,
thereby creating two successive inversion planes which effect a double inversion of
inflowing blood spins while the same MT effects are generated (b).
with T1, T2 the relaxation times, ~v the velocity of the blood spins, ~G the gra-
dient in direction of the flowing spins, γ the gyromagnetic ratio, and ~B the
applied RF pulse field. Practically, the amplitude |~B| of the RF pulse and the
moment of the gradient |~G| parallel to the flow direction are adapted to a given
flow velocity of spins |~v| in order to fulfill equation 4.1. For a broad range of
blood flow velocities the conditions can easily be met so that a robust flow-
driven adiabatic inversion is achieved.
The main drawback of CASL is the inherent continuous RF transmission which
is challenging for the hardware of MR systems which may give rise to imper-
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fections in the label resulting in reduced measurement quality. The long RF
pulses cause large power depositions in the subject so that special care is re-
quired not to exceed the SAR limits. In addition, special hardware in form of
transmit-receive coils is needed to overcome problems with body-coil transmis-
sion. Particularly the latter is probably one of the main reasons why CASL
methods are unlikely to enter clinical routine especially after the introduction
of multi-array receive coils. Another problem associated with the long RF irra-
diation is an increased number of off-resonance effects. Early implementations
of CASL placed the labeling plane distal to the imaging slice in the control
experiment (figure 4.2a). In this way, inflowing blood was not affected by the
tagging pulses but off-resonance effects were identical. However, this approach
only compensates for off-resonance effects in a single slice, hence, is not suit-
able for multi-slice experiments.
Amplitude-modulation of the labeling RF pulses makes it possible to let the
labeling plane remain at the same position proximal to the imaging slices in
the control scan while the same MT effects are generated as in the labeling
experiment (25). In principle, the amplitude of the labeling pulse is modulated
with a specific frequency fm that is equivalent to two RF pulses with frequen-
cies of f0 − fm and f0 + fm and half the amplitude of the unmodulated pulse.
Effectively, two successive labeling planes are created of which each induce an
inversion of the flowing spins (figure 4.2b). Ideally, the double inversion of
blood spins results in an unchanged magnetization in the control experiment.
CASL images clearly benefit from the extended labeling duration that creates
a long and well defined bolus of labeled blood spins and thus results in higher
SNR especially when compared to PASL methods. However, CASL approaches
are more sensitive to variations in the flow velocities of the blood spins than
other ASL strategies which can compromise the labeling efficiency (26).
Pulsed ASL (PASL)
In contrast to the long RF irradiation in CASL, PASL methods employ short
inversion pulses of about 5-20 ms to label the blood in a large volume at once
(27). Various methods and several modifications have been proposed:A PASL
technique named flow-sensitive alternating inversion recovery (FAIR)is based on
the acquisition of inversion recovery images for both the label and the control
experiment (figure 4.3) (28). In the labeling scan, the inversion is spatially
restricted to the imaging slice so that only the magnetization in the imaging
slice is affected but leaving the blood (and tissue) outside the imaging region
unchanged. In the control scan, the inversion pulse is applied globally including
all of the blood. Subtraction of label and control images result in an image
signal that is directly related to perfusion. Other techniques in PASL label large
blood volumes by positioning the labeling slab proximal to the image stack with
different strategies for the control experiment (27,29,30).
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Figure 4.3: Illustration of two different PASL approaches. Red and white bars indicate
the labeling plane and the image slices, respectively. In the FAIR sequence inversion
of the blood is restricted to the image slice in the labeling experiment whereas in-
version is applied globally in the control scan (a). In EPISTAR labeling is achieved
by the proximal positioning of an inversion volume. In the control experiment two
concatenated 180° pulses of half the power as for the labeling are employed at the
same proximal location. This induces the same off-resonance effects in the image
stack and also allows for multislice acquisition.
Despite the short RF pulses, off-resonance effects in the imaging region are
less an issue compared to CASL, however, several approaches have investigated
MT effects in PASL to reduce off-resonance saturation in the imaging volume.
An early implementation of “echo-planar MR imaging and signal targeting with
alternating radio frequency" (EPISTAR), for instance, performed the label distal
to the image slice during the control scan in order to induce identical MT effects
in both the labeling and control experiments. But similar to first CASL versions,
this only compensates for single slice measurements. By the application of
adiabatic RF pulses the sequence can be modified for multislice acquisition
(11-14,30). A single 180° adiabatic pulse is used for labeling whereas two
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concatenated 180° pulses of half the power are employed for the control exper-
iment at the same proximal location as in the labeling experiment.
Pulsed continuous / pseudo-continuous ASL (pseudo-CASL)
Generally speaking, pseudo-CASL merges the benefits of both CASL and PASL.
The long RF pulses used in CASL are split into a train of short and discrete RF
pulses of about 1 ms length in conjunction with a synchronously pulsed gradient
field to mimic a flow-driven adiabatic inversion (31-33). Thereby, requirements
on the MR hardware are reduced and allow for body-coil transmission as well as
multi-array coils for signal receive without the need of extra hardware like less
frequently used transmit-receive head coils. The requirements for both the mean
gradient moment and the mean RF amplitude to fulfill adiabatic conditions are
similar to those of CASL. Two approaches for the pulsed continuous labeling of
blood can be distinguished (32) (figure 4.4): Unbalanced pseudo-CASL adjusts
the zeroth moment of the labeling gradient between two consecutive RF pulses
in such a way that it is nonzero in the labeling condition and zero in the control
condition (figure 4.4a). At the same time, the RF polarity is held constant
in the labeling experiment and alternated in the control scans. The balanced
version of pseudo-CASL employs the same RF pulse pattern as in unbalanced
pseudo-CASL but, in contrast, the gradient scheme is identical for both labeling
and control conditions with a residual net moment between two consecutive RF
pulses (figure 4.4b). In this process the residual gradient net moment needs to
be adjusted to create an inversion of the blood spins during labeling and leaving
the magnetization unchanged in the control scans. Concurrently, unwanted off-
resonance saturation effects are circumvented by this configuration (32,34).
The labeling efficiency in pseudo-CASL mainly depends on the phase φ of spins
and its accrual between the consecutive RF pulses and the flow velocity of the
blood. φ is a function of the labeling gradient ~G parallel to the flow direction,
the resonance offset z0 of the labeling plane, and the flow velocity ~v. The phase
φ of a spin that travels through the labeling plane is given by (32)
φ = γ
ˆ
t
~|G| · z · dt =
ˆ
t
|~G| · (z0 + |~v| · t)dt = φ0(z0) + φ1(~v) (4.2)
Except for φ = 0 = 2pi the magnetization of the spins will be tipped by an angle
less than α times the number n of RF pulses the spin experiences during the
transit through the labeling plane. The cumulative angle therefore depends
on the resonance offset of the labeling plane and flow velocity similar to the
requirements that have to be met in conventional CASL for flow-driven adiabatic
inversion.
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Figure 4.4: Excerpt of a pulse sequence diagram of unbalanced (a) and balanced (b)
pseudo-CASL. Unbalanced pseudo-CASL adjusts the zeroth moment of the labeling
gradient between two consecutive RF pulses so that it is nonzero in the labeling
condition, thereby generating a residual gradient net moment (dashed line) while the
RF polarity is held constant. In the control condition the zeroth moment of the
gradients is adjusted to zero and the RF polarity is alternated. Balanced pseudo-
CASL employs the same RF pulse pattern but differs in the gradient scheme that is
employed. Identical gradients are used in both the labeling and the control experiment
with a residual gradient net moment.
In the control session the polarity of the RF pulses alternates so that the angle
of the spins’ magnetization after n RF pulses is given by (32)
1
2
· (1 + (−1)n+1) · α, (4.3)
assuming the ideal condition of φ = 0 = 2pi. This is especially true for the con-
trol experiment in unbalanced pseudo-CASL in which φ0(z0) = 0. In balanced
pseudo-CASL φ0(z0) = 0 is identical in both the labeling and control condition
due to the same gradient pattern which predicts a similar modulation of the
magnetization of spins.
It has been shown that the balanced implementation of pseudo-CASL is more
sensitive to resonance offsets than the unbalanced method which can decrease
the labeling efficiency, however, the application of unequal gradient waveforms
in label and control scans of the unbalanced method can cause artifacts induced
by eddy currents (32). Moreover, the simultaneous switching of RF and label-
ing gradient polarity in the control experiment makes unbalanced pseudo-CASL
more prone to hardware timing imperfections which can have considerable im-
pact on the accuracy of RF pulses.
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Velocity-selective ASL (VS-ASL)
VS-ASL presents a special variant of ASL (35,36). This method does not
label spins depending on a particular spatial position but depending on the
flow velocity. All spins flowing faster than a specified cut-off value are labeled.
The intention was to improve the labeling and subsequent quantification of
slowly flowing blood spins, e.g. in collateral flow conditions that may appear in
stroke. However, VS-ASL suffers from low SNR and difficulties in determining
the correct cut-off velocity which can result in incorrect perfusion estimates and
image artifacts (37,38).
Approaches towards Regional Perfusion Imaging in
ASL
Apart from VS-ASL, every ASL technique can be modified in such a way that
the labeling pulses are restricted to an artery of interest and a visualization
of perfusion territories is achieved (figure 4.5). A number of selective labeling
strategies for regional perfusion imaging (RPI) have been developed that mainly
differ in the flexibility of planning the labeling slab, selectivity and labeling
efficiency (39,40). However, all RPI methods in common require an angiogram
of the vessels of interest as a prerequisite for precise planning and positioning
of the labeling slab. This paragraph provides a concise overview of the many
RPI approaches of the different ASL techniques. At the end of this chapter,
the most important techniques are listed in table 4.1 together with the labeling
approach employed and the representable flow territory possible to assess.
Regional Perfusion Imaging in CASL
In CASL first attempts for RPI were made by utilizing separate coils for RF
irradiation and image acquisition (41-43). Placing a small coil directly over a
single artery makes it possible to continuously label the flowing blood spins and
to visualize perfusion territories of the left and right sided circulation of the
common carotid arteries (CCA). RPI images present high SNRs whereas only
low SAR values were needed for the labeling of the blood. Another benefit
is the absence of off-resonance effects due to the localized excitation field of
the labeling coil making it unnecessary to apply RF power during the control
scans but careful RF calibration is needed to prevent high local RF depositions.
However, the limited spatial coverage of the labeling coil restricts the labeling
pulses to major brain feeding arteries and prevents the application to small
arteries. In addition, the required extra hardware impedes the clinical usability.
Using a single coil for labeling of the blood spins and image acquisition offers
generally more flexibility in positioning of the labeling plane.
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Figure 4.5: Exemplary perfusion measurements of a healthy 32 year old male volun-
teer. In the top row perfusion images of a non-selective ASL scan based on pseudo-
CASL are presented in which all arteries have been labeled at the same time. The
middle row demonstrates perfusion territory images of the major brain feeding arteries
(ICAs, BA) acquired with a technique named superselective pseudo-CASL which is
introduced in chapter 6. The corresponding images of each of the labeled vessels were
combined into a color encoded frame to simultaneously demonstrate the individual
blood supply of all encoded arteries. In the bottom row T1 weighted images acquired
with the same orientation as the perfusion weighted images are shown as anatomical
reference.
In this context, it is possible to exploit the RF excitation profile of a transmit-
receive head coil in combination with a tilting of the labeling plane but this
restricts the label only to vessels of either the right or the left circulation so
that it is not possible to differentiate between flow territories of ipsilateral ICA
and VA (1,44).
A better definition of perfusion territories can be achieved with a method named
continuous artery-selective ASL (CASSL) (45). This approach utilizes a rota-
tional motion of the tilted labeling plane about the artery of interest, hence,
restricting the label to a particular vessel while the labeling position contin-
uously varies in adjacent arteries. The method allows for selective labeling
of the major brain feeding arteries as well as intracranial vessels like both of
the anterior cerebral arteries (ACA) or the middle cerebral artery (MCA). The
high potential of CASSL for flow territory mapping of even smaller arteries is
discussed in chapter 5 of this thesis. The goal was to gain a thorough under-
standing of the entire labeling process in CASSL, and to investigate the key
labeling parameters, in order to increase the spatial selectivity with sufficient
labeling efficiency and to optimize the labeling parameters, hence making it
possible to selectively label the blood in small intracranial arteries distal to the
circle of Willis (CoW).
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Regional Perfusion Imaging in PASL
PASL relies on the labeling of a large fraction of blood in order to achieve
sufficient perfusion signal. Most of the approaches for RPI therefore rely on
angulated or translational positioning of the inversion volumes. For instance,
selective labeling can be achieved by positioning a labeling slab in such a way
that the complete path of only a single artery is included (figure 4.6) (46,47).
This enables the labeling of a complete territory of one of the major brain feeding
vessels, e.g. one of the internal carotid arteries (ICA). At the same time the loss
of SNR is marginal since a complete vascular tree can be covered. Although
these methods have been employed in several clinical studies, problems have
been reported in patients with highly tortuous vessels making it impossible to
exclusively cover only one artery of interest.
Figure 4.6: Planning of the labeling slabs in selective PASL on the basis of time-of-
flight maximum intensity projections for selective labeling of right ICA (top row, red),
left ICA (middle row, green), and posterior circulation (bottom row, blue).
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The large labeling slabs bear the risk of including adjacent arteries as well
which supply a different perfusion territory. In particular, the basilar artery
(BA) could not be labeled in about one third of the subjects examined (47).
Several approaches have been developed in order to account for anatomical
vascular variations by applying sophisticated labeling schemes in combination
with post-processing routines to obtain the desired territories in a considerably
shorter scan time (48,49). However, the selectivity of the labeling is thereby
not increased.
Another labeling technique combines labeling slabs with saturation modules
of the imaging slices in order to achieve hemispheric perfusion images (50).
However, no differentiation between ICA and VA flow territories is possible.
A more selective approach based on the positioning of several different labeling
volumes makes it possible to map the perfusion territories of the ACA and MCA
depending on the direction of the inflowing blood (51). Since the method
is restricted to certain anatomical geometries an universal application seems
difficult.Another class of RPI methods that relate to PASL but are not used for
whole brain perfusion measurements are based on spatially selective excitation
pulses (52,53). Two-dimensional (2D) RF pulses formed as a pencil beam
can be positioned over an arterial segment. Theoretically, 2D RF pulses offer
the highest selectivity of existing methods but there are significant practical
disadvantages, which impede their utilization in clinical studies. When using 2D
RF pulses caution is advised regarding intrinsic side lobes that have to be placed
outside the imaging region because otherwise severe artifacts in form of MT
effects or contamination of perfusion signal might appear (53). The appearance
of side lobes can be minimized by increasing the bandwidth; however, this also
decreases the spatial selectivity of the pulse. In vivo measurements are even
more challenging since the motion of the blood spins can cause a distortion of
the pulse profile which in turn results in low SNR and poor image quality.
Regional Perfusion Imaging in pseudo-CASL
As previously shown pseudo-CASL is based on a train of RF pulses in con-
junction with a synchronously pulsed gradient field. A method proposed by
Wong takes advantage of the time gaps in between the RF pulses to introduce
other transverse gradients in order to modulate the labeling efficiency in a single
direction between two arteries of interest throughout the labeling plane (34).
The zeroth moment of the additional gradients and RF pulse phases are tuned
and matched in order to label the blood spins in one vessel and at the same
time leave the magnetization unchanged in the second vessel. Problems can
occur when more than two vessels are present in the labeling plane since then
sufficient labeling may be obtained in another vessel as well. The additional
gradients cannot be adjusted in such a way that they account for all arteries in
the labeling plane to experience pure labeling and control conditions. Several
post-processing strategies based on statistical analysis of the data have been
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tested to match individual vessels to their corresponding flow territories but
these attempts still need to be verified by other methods and first comparisons
with other techniques revealed significant discrepancies (54-56).
Another very recently proposed approach incorporated the idea of a rotating
labeling plane from CASSL and demonstrates that a rotation of the added
gradients in conjunction with an amplitude modulation of the RF waveform im-
proves the suppression of the labeling at large distances to the selected vessel
(57). However, the amplitude modulation smooths the definition of the label-
ing spot,thus leading to decreased selectivity. This method was introduced at
the same time as an advanced labeling technique also based on pseudo-CASL
which is presented and discussed in a more elaborate way in chapter 6 of this
thesis.
The previous paragraphs present an overview of different techniques for se-
lective labeling of individual arteries in ASL. Obviously, technical limitations
restrict the spatially selective labeling pulses in the majority of existing RPI
approaches exclusively to the major brain feeding arteries in the neck (table 1).
Only a couple of ASL methods show the ability to label smaller vessels as well
but their applicability in diseased populations or in a clinical setting in general
is restricted or has not been evaluated so far. As a consequence, the aim of
this thesis is to investigate the field of perfusion territory imaging based on
ASL in detail in order to develop advanced methodology that makes it possi-
ble to overcome the technical constraints of existing ASL approaches. At the
same time, requirements regarding selectivity, flexibility and scan time should
be met in such a way that the sequence can be appended to clinical routine
measurements and employed in various cerebrovascular diseases - even those
only affecting small vessels of the intracranial vasculature.
ASL Labeling Approach Perfusion Territory Reference
methodology (Selectivity)
CASL Oblique plane Hemispheric 1,44
Surface coil CCA 41-43
Rotating plane ICA, BA, ACAs, MCA 44
Rotating plane ICA, BA, ACAs, MCA, Chapter 5
small branches distal CoW
PASL Angulated slab ICA, VBAs 46-49
Sagittal slab Hemispheric 50
Multiple slabs ACA, MCA 51
2D RF pulses ICA, VBA 52,53
pseudo-CASL Modulated plane ICA, VBA 34,57
Modulated plane ICA, BA, ACAs, MCA, Chapter 6
small branches distal CoW
Table 4.1: Summary of the most important ASL approaches for regional perfusion
imaging.
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Perfusion Territory Imaging
of Intracranial Branching
Arteries - Optimization of
Continuous Artery Selective
Spin Labeling
Helle M, Rüfer S, Alfke K, Jansen O, Norris DG.
NMR in Biomedicine 2011;24:404-412.
Continuous artery-selective spin labeling (CASSL) is based on a standard con-
tinuous arterial spin labeling sequence with adiabatic flow-driven inversion and
an amplitude-modulated control experiment, and has been proposed recently
as a new method for the noninvasive flow territory mapping of cerebral arteries.
Spatial selectivity is achieved by the rotation of a tilted labeling plane about the
axis of a selected artery, which restricts the tagging pulses to the same spatial
position for the vessel of interest but, for any other adjacent and parallel artery,
the locus of resonance will vary in time and saturates the blood at a certain
distance to the labeling focus. In numerical simulations and in a volunteer
study, the key labeling parameters of CASSL were investigated with the goal of
increasing the spatial selectivity whilst maintaining sufficient labeling efficiency,
in order to selectively label the blood in small intracranial arteries distal to
the circle of Willis. The optimized labeling parameters were employed in vivo
and adapted to different vascular geometries. The labeling of small intracranial
branches of the anterior,middle and posterior cerebral arteries in close vicinity
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to other vessels yielded clearly delineated perfusion territories and demonstrated
the method’s capability for highly selective perfusion measurements.
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Introduction
Arterial spin labeling (ASL) is a well-known technique for the measurement of
cerebral perfusion in a completely noninvasive manner. Moreover, it has been
shown recently that ASL can be used to image individual perfusion territories
associated with each of the feeding arteries. This technique, referred to as se-
lective or regional ASL, is unique, as no other method exists to map perfusion
territories with a direct correspondence between anatomy and perfusion terri-
tory. Selective ASL has already found widespread application and has made it
possible to address several clinical questions in normal and diseased populations
(1-9).
However, all of these studies only investigated the perfusion territories of major
vessels, such as the internal carotid arteries (ICAs) and basilar artery. This is
because almost all existing methods only allow for the selective labeling of rather
large vessels as a result of technical constraints or limited selectivity. Indeed,
the possibility to visualize the perfusion territories of small arteries might be-
come an important tool for various pathologies, such as arterio-venous fistulas
and malformations, high-grade gliomas or intracranial steno-occlusive diseases.
In general, selective ASL methods can be divided into pulsed ASL (PASL) and
continuous ASL (CASL). All existing selective PASL techniques rely on the la-
beling of a large blood volume. This requires the labeling of an artery over
a long extent, which carries with it the risk of inclusion of other vessels and
restricts these methods to large vessels or entire arterial segments, namely ICAs
or the posterior circulation (10-13). In contrast, CASL techniques are based on
the continuous tagging of blood flowing through a labeling plane. Selectivity
can be achieved either by the use of local surface transmit coils, which restrict
the radiofrequency (RF) field to a certain artery, or by an oblique positioning
of a spatially selective labeling plane (14-17). However, in both cases, selective
labeling is restricted to one of the ICAs, either because of decreased tagging
efficiency of local surface coils with increasing depth or the difficulty in posi-
tioning an oblique labeling plane.
Another type of ASL is represented by a combination of PASL and CASL, and
is referred to as pseudo-continuous ASL (pseudo-CASL) or pulsed-continuous
ASL (pulsed-CASL) (18,19). Selective labeling is achieved by modifications
within the pulse scheme, enabling variations of the labeling efficiency in the in-
version plane in a single direction, and hence making it possible to visualize two
or more perfusion territories at the same time (20). However, when this method
is applied to more complex vasculature structures, it is not generally possible
to ensure that all vessels are labeled with a unique efficiency, hence making it
difficult to match an individual vessel to its corresponding flow territory.
Recently, based on CASL, a highly selective method, named continuous artery-
selective spin labeling (CASSL), has been introduced on the basis of a rotating
labeling plane to perform localized labeling that is limited to a single artery
(21). Vessels at distances of more than 25 mm to the labeling focus can be
excluded from tagging with an efficiency of about 80% in the selected artery
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compared with a regular CASL sequence. Hitherto, CASSL has been applied for
the labeling of ICAs and the basilar artery, the anterior cerebral arteries (ACAs)
and the middle cerebral arteries (MCAs), and shows the potential to increase
even further the spatial selectivity with sufficient labeling efficiency. So far,
the key labeling parameters have not been investigated in detail: the spatial
selectivity of this technique has been estimated on the basis of flow phantom
measurements, and has not been verified by numerical simulation or evaluated
completely under physiological conditions in vivo. Therefore, the underlying
labeling mechanism has been interpreted only hypothetically, which, in turn,
has hindered the optimization of the labeling parameters for adaptation to in-
dividual and small arterial architectures.
The goal of the current study is to gain a thorough understanding of the CASSL
labeling process, and to investigate its key labeling parameters, in order to in-
crease the spatial selectivity with sufficient labeling efficiency and to optimize
the labeling parameters, hence making it possible to selectively label the blood in
small intracranial arteries distal to the circle of Willis (CoW). Numerical simula-
tions were conducted to study the influence of the initial conditions and labeling
parameters in terms of spatial selectivity and labeling efficiency. The outcome
of the simulations was subsequently compared with in vivo measurements from
a normal volunteer study, and demonstrated the feasibility of increasing the spa-
tial selectivity in CASSL by up to 72% when compared with the original set of
parameters in ref. (21). Finally, to illustrate the increased selectivity and pos-
sibilities of CASSL, cerebral perfusion territories of small intracranial branching
arteries distal to the CoW (with diameters of approximately 1.5 mm), separated
by only 7 mm, were imaged.
Materials & Methods
Selective Labeling Mechanism
The selective labeling mechanism of CASSL is based on a standard CASL se-
quence with adiabatic flow-driven inversion and an amplitude-modulated control
experiment. In addition to a fixed labeling gradient along the flow direction,
transverse oriented gradients were applied, forming a plane that has a constant
tilting angle with respect to the selected artery and that rotates with a constant
frequency. This results in a rotational motion of the labeling gradient about
the axis of the selected artery. In conjunction with frequency modulation of
the labeling RF pulses, the center of the labeling plane is restricted to the de-
sired vessel. The resonance condition is then always being fulfilled at the same
spatial position for the selected artery, but, for any other adjacent and parallel
artery, the locus of resonance will vary sinusoidally in time. A saturation of the
magnetization in non selected vessels in CASSL basically depends on three key
labeling parameters: The angle Θ between the selected artery and the rotating
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Figure 5.1: Schematic motion of the rotating labeling plane according to equation
5.1. The labeling plane fulfills a clockwise rotation about the left (selected) artery
(top row). A start phase ϕ defines the initial position of the labeling plane for the
inflowing blood (middle row). Beginning from this position, the locus of resonance
performs a sinusoidal motion at the position of the right (non-selected) artery and
continuously shifts in an up-down direction (bottom row).
labeling plane, the distance d of a non selected vessel from the labeling focus
and the rotation frequency frot of the labeling plane. The locus of resonance at
a distance d from the labeling spot is given by:
S(t) = d · tan(Θ) · sin(2pi · frot · t + ϕ) (5.1)
where ϕ is an arbitrary phase defining the initial position of the tilted labeling
plane with respect to the selected artery (figure 5.1) (21). Every time a spin
moves through the labeling plane, it is affected by the tagging pulses, and there-
fore experiences a certain change in orientation. The direction and magnitude
of this change will depend on the spin’s orientation prior to moving through the
plane and the relative velocity of the spin and labeling plane.
Numerical Simulations
A computer program written in Matlab (The Mathworks Inc., Natick, MA,
USA) was used in order to gain a thorough understanding of the labeling process
and to subsequently optimize the key labeling parameters in terms of spatial
selectivity and labeling efficiency. The program calculated the magnetization of
flowing spins after inversion by adiabatic fast passage. The simulations covered
a region of 40 mm around the labeling plane, and it was assumed that blood flow
was perpendicular to the labeling plane. With a longitudinal labeling gradient of
5.5 mT/m, an RF amplitude of 6.0 µT and an amplitude modulation frequency
of 280 Hz for the control experiment, the parameters were chosen according
to a previous study with a fixed labeling plane (22). T1 was set to 1000 ms
and T2 to 200 ms to represent human blood values at 1.5 T (17,23,24). The
simulations were based on a stepwise integration of the Bloch equations using
a fourth-order Runge-Kutta algorithm. The magnetization started with a value
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of M = [0, 0, 1] and traveled with a fixed velocity along a linear trajectory. The
labeling efficiency was then computed as:
(MControlz −MLabelz )selective
(MControlz −MLabelz )non−selective
× 100% (5.2)
In a first experiment, the impact of the initial conditions on the labeling pro-
cess and their influence on the final magnetization vector were investigated for
different combinations of the key labeling parameters. Spin trajectories were
computed as a function of the primary start phase w of the labeling plane for in-
dividual spin ensembles at the position of a non selected artery (d = 0− 15 mm,
Θ = 8− 15°, frot = 80− 200 Hz) and for individual constant blood flow veloc-
ities ranging from 1 to 60 cm/s.
The labeling efficiency was then simulated as a function of the blood velocity
of the spins (1− 60 cm/s) and of the distance d to the selection point for the
same set of parameters. As a consequence, from the first simulation experiment
(see ‘Results’ section), 36 different start phases w of the rotating labeling plane,
ranging from 0° to 350°, were taken into account, and the final magnetization
vectors were averaged. Finally, the influence of the vessel size and of the laminar
flow profile was considered by calculating the total magnetization transported
by the vessel per time unit, and by numerically integrating the magnetization
at the end of the trajectory over the vessel and the velocity range. A vessel
diameter of 4.0 mm was assumed for the initial simulations. The simulations
were based on the assumption of a parabolic flow profile, but neglected pulsatile
flow effects, as these have been found previously to have only a minor influence
on the average magnetization relevant for perfusion contrast (25).
Finally, a contrast analysis of the simulated data was performed by comparing
the labeling signal at a certain offset with the labeling signal at the selected
artery, according to:
Contrast = Signald=0 − Signald 6=0 (5.3)
MR Experiments
All MR experiments were performed on a clinical 1.5 T Philips Achieva Scanner
(Philips Healthcare, Best, the Netherlands) with a standard transmit-receive
head coil. The images were acquired from eight healthy subjects (five male,
three female; mean age, 25.3 years) according to the experimental description
below. The study was approved by our institutional ethical committee, and each
volunteer gave written informed consent before participation. In vivo measure-
ments investigated the selectivity of CASSL in order to verify the simulation
results by shifting the location of the labeling focus in the right-left direction
at the ICAs of six volunteers with respect to the center of the vessel. The
corresponding labeling efficiency was measured as a function of the distance
to the center of the targeted vessel, and the focus position was varied over a
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distance of 15 mm. This procedure was repeated for three different angles Θ
at a constant rotation frequency frot = 160 Hz, as these were found to be the
optimal parameters in terms of labeling efficiency and spatial selectivity (see
‘Results’ section). Preferably, labeling was performed at a straight part of one
of the ICAs proximal to the entrance of the cranium to minimize the effects on
the labeling efficiency caused by turbulent blood flow or magnetic field inhomo-
geneities. In addition, a non selective (global) perfusion scan for each volunteer
was acquired to relate the labeling efficiency of the CASSL scans to the labeling
efficiency of the non selective measurement.
Finally, CASSL was applied in two more volunteers to image the perfusion ter-
ritories of small branches of the ACA, MCA and each of the posterior cerebral
arteries (PCA) distal to the CoW in order to demonstrate the capability of
the technique for mapping the flow territories of individual small intracranial
arteries in the immediate vicinity of other vessels. For planning of the labeling
position, 30 overlapping transverse slices, 2.5 mm thick, were acquired using
two-dimensional inflow angiography to visualize the major brain feeding arteries.
After each set of three perfusion measurements, MR angiography was repeated
with a reduced number of slices in order to update the exact location of the
targeted vessel with respect to the labeling focus and to minimize errors caused
by subject motion. In addition, a separate shim of the labeling plane was per-
formed to avoid possible off-resonance effects. The labeling parameters for the
CASSL sequence were as follows: labeling duration, 2.2 s; post-labeling delay,
1.0 s. The scanning parameters were as follows: fast field echo planar imag-
ing acquisition; field of view, 220 mm×176 mm; scan matrix, 80×71; TR/TE,
3600/42 ms; seven slices; thickness, 8 mm; gap, 1 mm; 20 labeled and 20 non-
labeled acquisitions; scan time, 2.26 min; specific absorption rate, 1.87 W/kg.
For intracranial perfusion measurements, the number of slices was reduced to
exclusively cover the brain tissue distal to the labeling plane, whereas the num-
ber of averages of label and control images was increased to 40 to improve the
image quality.
Post Processing
All images were exported to a Windows PC running Matlab R2010a (The
Mathworks, Natick, MA). A pairwise subtraction of labeled and non labeled
magnitude images yielded the perfusion-weighted images. Subsequently, the
subtraction images were averaged without further image registration or motion
correction. The signal intensities of selective perfusion images were measured
in manually drawn regions of interest in each slice covering the imaged perfu-
sion territory. The labeling efficiency was calculated by normalizing the signal
intensities of the selective scan with respect to the signal intensity of the non
selective perfusion scan.
The acquired images of the intracranial perfusion territories were combined into
color-coded images without thresholding of any kind to delineate the individual
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perfusion territories. An overlap between two parts of individual perfusion ter-
ritories supplied by more than one vessel will therefore result in the mixing of
two colors.
Results
Numerical Simulations
Figure 5.2 illustrates the behavior of the magnetization by plotting the trajec-
tories for 10 spin ensembles in spherical coordinates flowing through a selected
artery (figure 5.2a) and a non selected artery (figure 5.2b-e) at a distance of
d = 10 mm from the labeling plane’s stationary point in a CASSL experiment
(Θ = 10°, frot = 120 Hz, vblood = 36 cm/s). The arrow represents the final po-
sition of the magnetization vector after spins have traveled through either the
labeling focus or through a point 10 mm distant from this. Figure 5.2a shows
the trajectories at the position of the selected artery. In the rotation center of
the labeling plane, the start phase has no significant influence, so that trajec-
tories for both the labeling and control situation show similar features as for
a regular CASL experiment with a stationary labeling plane. The plot of the
control experiment illustrates how the magnetization vector is flipped down to
a position close to the negative z0 axis and is then returned upwards again. In
figure 5.2b-e, four examples of the labeling experiment and of the corresponding
control experiments for a non selected artery are presented. Although the initial
phase of the motion of the labeling gradient is only changed by pi/2 for the in-
flowing blood spins, the final magnetization vector differs significantly between
the individual labeling and control experiments. The effect of the initial phase
ϕ becomes even clearer when the labeling efficiency is considered as a function
of the start phase of the labeling plane and as a function of the distance d to
the selection point for a constant flow velocity, as demonstrated in figure 5.3.
The labeling efficiency strongly oscillates with increasing offset and can reach
almost perfect labeling at certain spatial positions far from the labeling focus at
d = 0 mm. These oscillations, as well as positions with high labeling efficiency,
differ significantly with respect to the initial phase of the rotating labeling plane.
By averaging over the different phases, the course of the labeling efficiency for
a constant flow velocity becomes more uniform with fewer oscillations (figure
5.3, red curve). igure 5.4 presents the labeling efficiency for different constant
blood flow velocities (with previous averaging over 36 different phases, ϕ) as
a function of the distance d from the labeling spot. The labeling efficiency
fluctuates with increasing offset and shows significant variations for different
constant blood flow velocities. By averaging over the different constant flow
velocities with weightings corresponding to a laminar flow profile and a nonzero
vessel diameter, the labeling efficiency appears even more uniform.
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Figure 5.2: Trajectories of the magnetization for 10 spin ensembles flowing through
a selected artery (a) and a non selected artery (b-e) at a distance of 10 mm from
the labeling focus (Θ = 10°, frot = 120 Hz, vblood = 36 cm/s). The arrow represents
the final position of the magnetization vector after the spins have traveled through
the simulated region. The trajectories at the position of the selected artery for the
labeling and control situation show similar features as for a regular continuous arterial
spin labeling (CASL) experiment with a stationary labeling plane (a). For the non
selected artery, the start phase of the labeling plane is incremented by pi/2, which, in
every case, results in considerably different positions of the final magnetization vectors
(b-e).
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Figure 5.3: Labeling efficiency plotted as a function of different start phases ϕ of the
labeling plane and of the distance d to the labeling focus (Θ = 10°, frot = 120 Hz,
vblood = 36 cm/s). The labeling efficiency strongly oscillates with increasing offset
and can reach almost perfect labeling at certain spatial positions far from the labeling
focus at d = 0 mm. These oscillations strongly differ with respect to the initial phase
of the rotating labeling plane. Averaging over the different phases significantly lowers
the oscillations during the course of the labeling efficiency (red curve).
Figure 5.4: Labeling efficiency plotted for different constant blood flow velocities
(averaged over 36 different phases ϕ between 0° and 360°) as a function of the
distance d from the labeling spot (Θ = 10°, frot = 120 Hz). The labeling efficiency
fluctuates with increasing offset and shows significant variations for different constant
blood flow velocities. Averaging over the different flow velocities corresponding to a
laminar flow profile, and using a finite vessel diameter (4 mm), the labeling efficiency
appears even more uniform (red curve).
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In view of these effects, the calculations of the labeling efficiency need to be
averaged over different initial phases between 0° and 360° before averaging over
different constant blood flow velocities to give the final magnetization vectors.
Figure 5.5 shows the dependence of the labeling efficiency on the distance be-
tween the labeling spot and the vessel center for different rotation frequencies
frot and for different angles Θ. The labeling efficiency decreases with increasing
offset for higher rotation frequencies frot, as well as for higher tilting angles
Θ. With increasing rotation frequencies, the labeling efficiency fluctuates and
even partly becomes negative. The labeling efficiency at the target vessel also
decreases noticeably with increasing tilting angle and increasing rotation fre-
quency. In all cases, the highest selectivity was achieved for frot = 160 Hz,
as the labeling efficiency reached zero at the shortest distance to the vessel
center. In figure 5.6, a contrast analysis illustrates the discriminative power
of CASSL depending on the rotation frequency frot. The contrast increases
with increasing offset and for higher rotation frequencies frot, but, at the same
time, for higher tilting angles Θ, the contrast fluctuates and, for frequencies
frot > 160 Hz, the contrast may even decrease (figure 5.6c). According to figure
5.5, a rotation frequency frot = 160 Hz achieves the highest contrast (figure 6a,
b), or an insignificantly lower contrast (figure 5.6c) at distances at which the
labeling efficiency reaches zero (figure 5.6, red broken line).
MR Experiments
As a consequence of the numerical simulations, a rotation frequency frot = 160
Hz was chosen for all MR experiments. In addition, results from numerical
simulations were plotted for each of the MR experiments. The vessel diameter
of each volunteer at the labeling position was assessed in native images of
the inflow angiography sequence. Afterwards, all measured diameters were
averaged and subsequently used as input parameters for the simulations, which
demonstrated a good agreement between measured and simulated data (figure
5.7; averaged vessel diameter, 3.57 mm). The mean labeling efficiency of six
volunteers was plotted against the offset of the labeling focus with respect to the
center of the selected vessel for different tilting angles Θ. Data were normalized
to the efficiency of a regular non selective (global) CASL experiment. Higher
tilting angles led to an improved selectivity of the method, and made it possible
to neutralize the blood at a certain distance dmin to the labeling focus. A tilting
angle of 8° neutralized the blood of a non selected vessel at dmin ≈ 13 mm from
the labeling focus and provided a substantial labeling efficiency of almost 90%
in the selected vessel, whereas a tilting angle of 15° neutralized the blood at
a distance of dmin ≈ 7 mm from the labeling focus with a sufficient labeling
efficiency of approximately 60% in the tagged artery.
87
Chapter 5
Figure 5.5: Simulated labeling efficiency of the continuous artery-selective spin la-
beling (CASSL) sequence as a function of the distance to the labeling focus for three
different tilting angles Θ and for different rotation frequencies frot ranging from 80 to
200 Hz.
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Figure 5.6: Contrast analysis by comparison of the labeling efficiency at a certain
distance with the labeling efficiency at the selected artery for three different tilting
angles u and for different rotation frequencies frot ranging from 80 to 200 Hz. The
red broken line indicates the shortest distance with respect to the selected artery in
which the labeling efficiency reached zero (according to figure 5.5).
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Figure 5.7: Measured and simulated labeling efficiencies as a function of distance
to the selected artery for three different tilting angles Θ and a rotation frequency
frot = 160 Hz. Error bars of the experimental data represent the standard deviation
from acquisitions of six different volunteers.
A tilting angle of 10° appeared to be the best compromise between the labeling
efficiency when on top of the vessel (80%) and selectivity, as the blood signal
was already eliminated at a distance dmin ≈ 10 mm from the labeling focus.
The above-mentioned findings are also summarized in table 1 and compared
with the original parameter setting used in reference 21 with a tilting angle
Θ = 12° and a rotation frequency frot = 120 Hz.
Optimized parameter settings can gain an increase in selectivity between 48%
and 60% with a labeling efficiency 80%, which is comparable with or even bet-
ter than the original labeling efficiency (80%). However, it is even possible to
gain an increase in selectivity of up to 72% in CASSL, but with less labeling
efficiency (60%). On the basis of these results, selective labeling parameters
were adapted to visualize the flow territories of several intracranial branches.
Figure 5.8 demonstrates the in vivo measurements of perfusion territories of
selected branches from both ACAs (figure 5.8a), two branches of MCA (figure
5.8b) and both PCAs (figure 5.8c). The selected vessels had diameters ranging
from 1.5 to 2.0 mm, and were separated by 11.9 mm from the closest neigh-
boring arteries in the case of ACA and by 10.2 mm in the case of MCA, so that
a tilting angle of 10° was chosen for selective perfusion measurements. For the
individual labeling of PCAs, a tilting angle of 15° was required, as the nearest
arteries were at a distance of about 6.9 mm. In all cases, clearly delineated
perfusion territories were obtained and combined in color-coded images.
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Θ (°) frot (Hz) dmin (mm) Labeling efficiency (%) Increase in selectivity (%)
12 120 25 ~80 Original parameters (21)
8 160 13 ~90 48
10 160 10 ~80 60
15 160 7 ~60 72
Table 5.1: Optimized parameter settings with specification of the spatial selectivity
(dmin) and labeling efficiency compared with the original parameter setting in reference
21.
Discussion
The most important findings of this study are twofold. First, CASSL allows the
individual adjustment of the spatial selectivity to image the perfusion territories
of various arteries ranging in size from ICA to small intracranial arteries distal to
the CoW. Second, numerical simulations can be used to optimize key labeling
parameters and adapted to individual vascular geometries in vivo.
The initial conditions can have a major impact on the final position of the mag-
netization vector of a labeled spin. In a first experiment, numerical simulations
of spin trajectories were calculated for spin ensembles experiencing different
initial start phases ϕ of the labeling plane when entering the labeling slab. For
spins that were ideally flowing through the rotation center of the labeling plane
at the position of a selected artery, the labeling is independent of the start
phase and thus occurs just as in the case of a regular CASL experiment with a
stationary labeling plane (figure 5.2a). The spin ensembles of the non selected
artery, however, showed huge differences in the trajectories and in the final
positions of the magnetization vectors when traversing the simulated region
(figure 5.2b-e). This demonstrates that the final position of the magnetization
vector for constant flow velocities and the entire trajectory are highly sensi-
tive to the initial start phase. Accordingly, the course of the labeling efficiency
shows strong fluctuations for constant flow velocities, and can even reach per-
fect labeling at certain distances to the labeling focus (figure 5.3). For the
parameters used in figure 5.2, the differences in ϕ were equivalent to a time
shift of approximately 2 ms, so that different phases would have been repeated
every 8 ms. For a labeling duration of 2.2 s, as employed in this study, different
phases will be repeated a few hundred times during the labeling period. As a
consequence, continuously inflowing blood spins will consecutively experience
all possible start phases for the duration of labeling. This is taken into account
by averaging over multiple start phases for constant flow velocities, resulting in
more uniform labeling efficiencies (figure 5.3). In order to compare the simu-
lations with in vivo experiments, a laminar flow profile and the vessel diameter
need to be considered. In conclusion, the effect on the magnetization of consec-
utively flowing spins in a blood bolus of a non selected artery can be considered
as pseudo-random, and will cause a saturation of the overall magnetization in
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Figure 5.8: Perfusion-weighted images acquired in two volunteers. Left: two-
dimensional inflow angiography images; color-coded arrows assign targeted branches of
the anterior cerebral artery (ACA) (a), middle cerebral artery (MCA) (b) and posterior
cerebral artery (PCA) (c). The appropriate color-coded, perfusion-weighted images
to the right show clearly delineated perfusion territories. In addition, T1-weighted
images of the same slices are shown.
a given voxel above a certain distance to the selection point, as demonstrated
in the numerical simulations and MR measurements.
On the basis of these findings, in a second experiment, a set of different tilt-
ing angles Θ and rotation frequencies frot was simulated as a function of dis-
tance to the selection point. For all tested tilting angles, a rotation frequency
frot = 160 Hz showed the highest selectivity and nulled the labeling efficiency
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at the shortest distance to the vessel center. The different rotation frequencies
showed fluctuations in the labeling efficiency and spatial selectivity for constant
flow velocities, but these were markedly reduced by averaging over the range
of velocities present in the vessel (figure 5.4). These variations in the labeling
efficiency might be a consequence of the constant rotation frequency of the
labeling plane. The rotation frequency frot directly determines the velocity of
the rotating labeling plane and defines how often the labeling plane traverses
a given section of a non selected artery. At certain distances to the labeling
spot, the blood spins may experience the tagging pulses in such a way that
this results in the blood being labeled. This effect also depends on the ra-
tio between the velocity of the labeling plane and the blood velocity, which
determines how many times the spins move through the labeling plane. The
duration and recurrence of these interactions are basically conditioned by the
relative velocity between the labeling plane and the blood spins. The higher
the rotation frequency (or the slower the velocity of the blood spins), the more
interactions will occur, which might result in more oscillations of the labeling
efficiency (figures 5.4 and 5.5). Instead of a constant rotation frequency of the
labeling gradient, a randomized motion might lower these oscillations as the
interactions of the labeling plane and the blood spins appear more irregular.
Another possibility may be the continuous variation of the rotation frequency
and of the tilting angle during the labeling process, but, as these two param-
eters affect the selectivity directly, this might result in a temporal and spatial
variation of the labeling focus.
Higher tilting angles clearly lead to an improved spatial specificity (figures 5.5
and 5.7). This can be attributed to the fact that an increased tilting angle
results in a decreased size of the labeling spot and an increased area that is
affected by the labeling plane, so that labeling becomes more selective. If
the labeling focus is too small within the targeted artery, it will not cover the
entire vessel, so that only part of the blood is tagged, thereby resulting in a
decreased labeling efficiency. This can explain the reduced labeling efficien-
cies for increased tilting angles (figures 5.5 and 5.7). In addition, because of
the finite diameter of a selected vessel, with increasing rotation frequencies
the interactions of the labeling plane and blood spins, even within a selected
artery, also occur more often, resulting in decreased labeling efficiency at the
artery (figure 5.5). This has a direct effect on the contrast and thus on the
discriminative power of the CASSL sequence. With higher rotation frequencies,
the distance to the first minimum in the labeling efficiency is reduced, but,
at the same time, the labeling efficiency of the selected vessel also decreases
(figure 5.5). If the labeling efficiencies at the selected and non selected artery
decrease in equal measure for different rotation frequencies, this can cause sim-
ilar contrasts and thus rather similar discriminative powers of CASSL, as can
be seen in figure 5.6c. Vessels with smaller diameters than ICA allow both
an increased tilting angle and an increased rotation frequency, and thus higher
spatial selectivity, without suffering from a decreased labeling efficiency at the
targeted artery. This will result in an increased discriminative power of CASSL
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and in even more conspicuous differences in the contrast for different rotation
frequencies, which is especially important for small, closely spaced intracranial
arteries, which simultaneously require a labeling focus exclusively covering the
targeted vessel and a sufficiently high labeling efficiency.
The numerical simulations in this study make it possible to predict the cumula-
tive influence on the final magnetization of the above-mentioned effects, so that
the CASSL parameters can be adjusted to gain optimal results from selective
perfusion measurements (figures 5.5 and 5.6). The theoretical findings were
verified by investigating the spatial selectivity in vivo for three different tilting
angles Θ of the proposed rotation frequency (figure 5.7). Compared with the
original parameter setting in ref. (21), an increase in spatial selectivity between
48% and 72%, with sufficient labeling efficiency at the same time, was gained
from the optimized labeling parameters in this study (Table 1).
The above-mentioned findings were used to adapt the CASSL sequence to differ-
ent small branches of intracranial arteries distal to the CoW in order to show the
high spatial selectivity of this method and to demonstrate the ability of CASSL
to subdivide hemispheric flow territories already mapped with other selective
ASL approaches into intracranial perfusion territories (figure 5.8). Moreover,
CASSL makes it possible to further subdivide these intracranial perfusion terri-
tories into smaller ones.
With these abilities, CASSL overcomes the lower signal-to-noise ratio and low
spatial selectivity of existing selective ASL methods based on PASL techniques.
CASL techniques benefit from small inversion volumes as they only require
about 2 cm of a straight vessel restricted by the slice profile of labeling (18). In
contrast, PASL methods require a large volume to invert the magnetization of a
significant amount of blood. This is especially problematic to achieve wherever
a vessel of interest is branching from a larger artery and is supplying the tissue
at a short distance from the branching point, as is the case, for example, in the
cerebral arteries distal to the CoW. However, because of the continuous move-
ment of the oblique labeling plane, undesirable artifacts may appear in CASSL
whenever the labeling plane is placed near the image slices and impinges on the
imaging volume (21). In general, these artifacts appear as hypointense regions
in the label and control images, as well as in the subtraction images. As a result
of the slightly broader shape of the saturated band in the control experiment,
in the subtraction images, bright and hyperintense artifacts may appear at the
borders of the region that is affected by the labeling plane (21). Therefore, in
addition to a high spatial selectivity, the choice of the tilting angle Θ will be
governed by the desire not to impinge the imaging volume and saturate tissue
within the perfusion territory of the selected artery. This reveals the importance
of an optimization of the labeling parameters to allow an individual adaptation
of CASSL to different vascular geometries in vivo, and to induce as few artifacts
as possible at the same time.
Vessel-encoded ASL offers another approach for selective perfusion measure-
ments, and is based on pseudo-CASL (20). The technique adapts additional
transverse gradients in the direction of the vector between two arteries of in-
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terest and in conjunction with phase-adapted RF pulses to set one vessel in the
labeling and the second in the control condition. An application of this method
allows for the imaging of the perfusion territories of two vessels at the same
time. When more than two vessels are present in the labeling plane, as may be
the case for intracranial arteries, the additional gradients cannot be adjusted in
such a way that all arteries within the labeling plane experience pure labeling or
control pulses, so that other vessels will be labeled as well, and an assignment
to the corresponding flow territories will be impeded. In CASSL, the spatial
selectivity can be adjusted to individual vascular geometries, which allows for
the precise planning of the labeling plane to obtain maximum labeling efficiency
and the visualization of the flow territory of a single artery. It should be noted
that, on the basis of pseudo-CASL, similar methods have been proposed re-
cently that enable the labeling of an individual artery (26,27). In particular, the
superselective ASL approach (27) offers similar spatial specificity to the opti-
mized CASSL technique, and may be used as an alternative tagging method,
especially at higher field strength. In CASL, high-RF duty cycles are required
for efficient labeling of the blood, and transmit-receive coils or other special
hardware are needed to stay within the specific absorption rate limits, whereas
pseudo-CASL benefits from body coil transmission and hence the utilization of
multi-channel receive coils (18). To overcome the power limits at high field
strength, the RF deposition must be greatly reduced, and may lead to limited
efficiency and imperfect labeling (18,28). However, the requirements on the
RF and gradient systems in pseudo-CASL based methods are, in general, even
more technically demanding than in CASL, and hardware imperfections can lead
to severe inefficiencies in labeling (18). Moreover, unlike CASL, the labeling
process is no longer based on pure adiabatic inversion, and variations in the
amplitude of the static field inhomogeneity, the RF field inhomogeneity and the
blood flow velocity may compromise significantly the labeling efficiency (29),
which can be crucial for the successful labeling of blood in small intracranial
arteries in general, as well as for the subsequent quantitative analysis of the
results. Quantitative perfusion measurements in CASSL can be accomplished
in the same way as for a regular CASL experiment. In this case, the labeling
efficiency serves as an important input parameter, which necessitates a reliable
analysis and must be considered for individual scans. The numerical simula-
tions can give a good estimate for different parameter settings and different
spatial specificities of the sequence. However, slight imperfections in the plan-
ning of the labeling spot with respect to the targeted artery can also cause
severe decreases in labeling efficiency, which are underlined by the relatively
large deviations in the labeling efficiencies from volunteer to volunteer included
in this study. Another potential error source is field inhomogeneities caused by
susceptibility changes. Components of susceptibility gradients perpendicular to
the selected vessel may cause the labeling focus to move out of the center of
the selected artery, and thus reduce the labeling efficiency obtained in in vivo
measurements.
Improvements of CASSL with regard to hardware properties should reduce the
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high demands on the RF amplifier which enforce the use of transmit-receiver
coils and impede the utilization at higher field strength.
Conclusions
With an optimized combination of the key labeling parameters, CASSL has the
ability to image cerebral perfusion territories of vessels ranging from the size of
the major brain feeding arteries to small intracranial vessels distal to the CoW.
A tilting angle Θ = 10° and a rotation frequency frot = 160 Hz appear to be a
good compromise in terms of spatial selectivity (dmin = 10 mm) and labeling
efficiency (80%), as this set of parameters makes it possible to label the blood
of ICAs with sufficiently high labeling efficiency (figure 5.5) and, at the same
time, to visualize the perfusion territories of individual ACA and MCA branches
(figure 5.8a, b). However, the recommendation of a standardized set of labeling
parameters for a universal application in the labeling of small arteries is difficult,
as the intracranial vasculatures can show huge differences in individual subjects.
These differences may be even worse in patients suffering from cerebrovascular
diseases and thus presenting altered arterial architectures or different ranges of
flow velocities. In this study, the investigation of the CASSL labeling mecha-
nism and its key labeling parameters revealed three combinations of parameters
that allow for the adaptation to different situations in complex vascular struc-
tures, and thus should be suitable for the labeling of blood in various arteries
(table 1).
The visualization of the perfusion territories of small intracranial arteries may
open up new perspectives for the diagnosis, treatment and therapeutic moni-
toring of many cerebrovascular diseases.
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Superselective
Pseudo-Continuous Arterial
Spin Labeling
Helle M, Norris DG, Rüfer S, Alfke K, Jansen O, van Osch MJP.
Magnetic Resonance in Medicine 2010;64:777-786.
A new technique for the imaging of flow territories of individual extra- and
intracranial arteries is presented. The method is based on balanced pseudo-
continuous arterial spin labeling but employs additional time-varying gradients
in between the radiofrequency pulses of the long labeling train. The direction
of the additional gradient vector is perpendicular to the selected artery and its
azimuthal angle is switched after every radiofrequency pulse. The phases of the
radiofrequency pulses are adopted to cancel out the phase accrual of the spins
at the center of the target vessel due to the extra applied gradients. This results
in efficient inversion at the targeted position, whereas elsewhere time-varying
phase changes will result in marginal inversion efficiency. By changing the mo-
ment of the added gradients, the size of the labeling focus can be adjusted.
Influence of the temporal order of the additional gradients on the labeling effi-
ciency and on the selectivity was investigated by simulations and experimental
measurements. In a volunteer study, the acquisition of high signal-to-noise ratio
flow territory images of small branches of the anterior cerebral artery distal to
the circle of Willis was demonstrated. This shows the method’s flexibility for
dealing with complicated arterial geometries and its ability to superselectively
label small intracranial arteries.
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Introduction
The ability to magnetically label blood can be used to set blood spins in a
different magnetic state to that of static tissue and hence affect the contrast
of MR images (1). Today, these techniques, known as arterial spin labeling
(ASL), are commonly used to measure cerebral perfusion. Compared to other
imaging modalities, ASL has the advantage of achieving perfusion-weighted im-
ages in a completely noninvasive way by utilizing magnetically labeled blood as
a tracer without exposing patients to ionizing radiation and the administration
of exogenous contrast agents. Recently, different variants of ASL techniques
were introduced that enable the measurement of flow territories in a completely
noninvasive way (2-15). The ability to visualize perfusion territories of the
cerebral arteries may be an important tool for many clinical applications and
makes it possible to address several clinical questions. In acute stroke, such
regional perfusion imaging (RPI) is beneficial in determining the origin of an
embolus (16). In chronic cerebrovascular disease, it was shown that RPI can in-
vestigate the extent of perfusion territories of the contralateral internal carotid
artery (ICA) and the basilar artery, as well as the contribution of the ipsilateral
external carotid artery to cerebral perfusion in patients with symptomatic ICA
occlusion (17-21). In patients with symptomatic ICA stenosis, RPI can track
alterations in perfusion territories upon carotid endarterectomy and carotid an-
gioplasty with stent placement (22). Moreover, RPI was used to image the
individual contribution of main brain supplying arteries and depict differences
in perfusion territories based on anatomic variations of the circle of Willis (23).
In order to enable RPI in clinical routine, the technique should have the follow-
ing characteristics: First, it should provide a high signal-to-noise ratio (SNR)
to be able to detect the flow territories even when these are hypoperfused and
to ensure a convenient examination time. Second, the measurement setup and
preparation should be simple so that there is no utilization of extra hardware
necessary and that even for tortuous vessels the planning of the labeling is easily
accomplished. Third, the technique should be as selective as possible, in partic-
ular when the aim is to perform RPI in patients with altered arterial architecture
in whom it is advantageous to label a single artery to avoid ambiguity in the
interpretation of the results. Fourth, the technique should allow for tuning of
the selectivity by adjusting the size of the labeling spot. This is important when
adjacent vessels are located close to the targeted vessel and to enable proper
labeling in vessels with different diameters.
However, none of the existing RPI techniques fulfill all these criteria. The ex-
isting RPI techniques are either based on pulsed ASL or on continuous ASL
(CASL). The most promising pulsed ASL RPI technique involves angulations
and translation of the inversion slab to selectively label the ICA or the poste-
rior circulation (5-7,15). This method implies careful planning of the labeling
slab based on arterial inflow angiograms, limiting the easy implementation in
the radiologic clinic. Furthermore, since the technique relies on labeling of the
targeted artery over a long range, it bears the risk of including other arteries
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in the labeling slab. CASL techniques for RPI include the use of local surface
coils, which can be used to selectively label the blood of the left and the right
carotid artery (9,13,14). Depending on the depth of the targeted artery, the
labeling can be more or less effective, which impedes the application to small
individual arteries. Recently, continuous artery-selective spin labeling has been
introduced on the basis of a rotating labeling plane to obtain a localized effect
limited to a single artery (11). This method provides high selectivity and allows
for labeling of the ICA and vertebral arteries, as well as intracranial arteries
like the anterior cerebral arteries (ACAs) and the middle cerebral artery. How-
ever, CASL-based approaches still suffer from serious specific absorption rates
(SAR) and radiofrequency (RF)-amplifier limitations at clinical 3 Tesla MRI
scanners, due to continuous RF delivery, which necessitates the utilizations of
transmit-receive head coils for ASL perfusion measurements. Such coils are
only scarcely used in the radiologic clinic after the introduction of multi-receive
channel head coils. Recently, a pulsed RF alternative for CASL was introduced,
named pseudo-CASL or pulsed-CASL, that allows the use of body-coil trans-
mission and multichannel receive coils (24,25). As previously shown by Wong
(12), modifications in the pseudo-CASL scheme allow for variation of the la-
beling efficiency in the inversion plane in a single direction, thereby enabling
imaging of two or more perfusion territories. Selective labeling can be achieved
by taking advantage of the time intervals between the RF pulses to insert addi-
tional transverse gradients, which are oriented along the direction of the vector
between two arteries of interest. The zeroth moment of the added gradients
and the phase of the RF pulses are subsequently adjusted to spatially manip-
ulate the interpulse phase difference to obtain labeling in one vessel and the
control condition in the other vessel. However, when more than two vessels are
present in the labeling plane, as may be the case for intracranial arteries, the
application of this method will also label other vessels than the targeted artery.
For arbitrary positions of the arteries in the labeling plane, the additional gra-
dients cannot in general be adjusted in such a way that all arteries experience
pure labeling or control pulses, hence making it difficult to match an individual
vessel to its corresponding flow territory.
The goal of the current study is to introduce a new selective ASL technique that
fulfills all of the above mentioned criteria and that overcomes several limitations
of existing techniques regarding spatial selectivity and clinical applicability. This
technique will be based on a pseudo-continuous labeling scheme in combination
with additional time-varying gradients between the RF pulses with the gradi-
ent oriented perpendicular to the labeling direction. Numerical simulations of
the labeling efficiency were conducted to study the properties of a number of
switching schemes for the additional gradients and to evaluate the selectivity of
the method. The outcome of the simulations was subsequently compared to in
vivo measurements. The labeling efficiency as a function of the distance to the
labeling focus and as a function of the strength of the additional gradients was
studied in normal volunteers. To illustrate the superselectivity of the proposed
technique, cerebral perfusion territories of small intracranial branching arteries
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distal to the circle of Willis (with diameters of approximately 1.2 mm) separated
by only 5 mm were imaged.
Materials & Methods
Selective Labeling Mechanism
Pseudo-CASL is based on a series of closely spaced slice-selective RF pulses in
combination with a net gradient in the slice direction that results in a flow-driven
pseudo-adiabatic inversion as blood flows through the labeling plane (12,24,25).
The requirements for both the mean gradient moment and the mean RF ampli-
tude to fulfill adiabatic conditions are similar to those of CASL approaches (25).
The balanced version of pseudo-CASL shares an identical gradient waveform in
the label and in the control condition but with an additional 180° phase shift
between the odd and even RF pulses in the control condition. At the same
time, unwanted off-resonance saturation effects are circumvented by this con-
figuration. Selective labeling can be achieved by taking advantage of the time
intervals between the RF pulses to insert additional transverse gradients. We
propose creating a circular labeling spot by dynamically changing the direction
of the additional gradients in combination with changes to the phase of the RF
pulses to neutralize the phase effect of these gradients at the targeted location.
The direction and the strength of the extra gradients are changed after each RF
pulse in a pseudo-randomized fashion. The directions of the added gradients
are changed from one RF pulse to the next in conjunction with phase changes
φk of the RF pulses:
φk = k · γ · (x · G0,x,k + y · G0,y,k + z · G¯z · t) (6.1)
with φk the phase to steer the label spot to the right location and where k is the
pulse number and G¯z = 0.6 mT/m is the mean value of the labeling gradient
Gz that has an amplitude of 6.0 mT/m during RF irradiation. G0,x,k and G0,y,k
are the zeroth moments of the additional gradients, t = 0.001 s is the RF pulse
spacing, and x, y, and z are the offsets of the labeling spot from the isocenter.
This procedure leads to maximum labeling efficiency at the targeted location,
whereas at other locations a net phase effect will persist, thereby causing tem-
poral variations in the phase that will lead to inefficient labeling. The size of
the labeling spot can be adjusted by changing the moment of the additional
gradient pulses, since this results in larger phase changes for spins at a certain
distance from the targeted location. Due to pulse-programming implementation
choices, a block of only 32 predefined gradient pulses with different orientations
was repeated for the duration of the labeling process.
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Numerical Simulations
To compare different temporal patterns of the extra gradients and to study the
selectivity of superselective pseudo-CASL, computer simulations of the inversion
process were performed. The simulations were based on numerically solving the
Bloch equations for spins that flow perpendicularly through the inversion plane
and covered a region of 50 mm around the labeling plane. First, the resulting
labeling efficiency was calculated as a function of the blood velocity of the spins
(varied between 1 cm/s and 60 cm/s) and as a function of the distance from
the center of the labeling spot. The spins were assumed to be fully relaxed at
the bottom of the simulated slab, and the first RF pulse was executed by taking
into account the slice profile of the Hanning pulse. Hereafter, the phase change
due to the added gradients was calculated and applied to the magnetization.
Finally, the longitudinal and transverse relaxation of the magnetization was
taken into account (T1 = 1650 ms, T2 = 100 ms). This series of actions was
repeated until the spins had exited the simulated slab. As a final step in the
simulations, the influence of the size of the vessel and the parabolic flow profile
were taken into account by calculating the total magnetization transported by
the vessel per time unit and by numerically integrating the magnetization at
the end of the slab over the vessel and the velocity range. This is important
because different flow velocities result in different efficiencies and because of
the spatial phase variation as a function of the exact location with respect to
the labeling spot. The labeling efficiency was computed as
(MControlz −MLabelz )selective
(MControlz −MLabelz )non−selective
× 100% (6.2)
It should be noted that in some situations the efficiency can be negative.
Simulations were based on the assumption of a parabolic flow profile but ne-
glected pulsatile flow effects as these were found previously to have only minor
influence on the average magnetization relevant for perfusion contrast (9).
The impact of different temporal order of the additional gradients on the label-
ing efficiency and on the selectivity was investigated. Different gradient patterns
consisted of a certain temporal order of the extra gradients, which varied from
strictly periodic to pseudo-randomized arrangements. Although the orientation
the additional gradients is varied during the labeling process, the magnitude of
the net gradient was kept constant.
The five simulated patterns showed the following arrangements (figure 6.1):
1. Pseudo-random order A: a positive gradient is followed by a negative
gradient of the same orientation.
2. Pseudo-random order B: a positive gradient is followed by a negative
gradient of different orientation.
3. Pseudo-random order C: only positive gradients are used.
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4. Pseudo-random order D: the orientation and the sign of the gradients
are randomized, although each block of 32 gradient pulses has the same
order.
5. Sine/cosine pattern: the gradient is rotated.
The different waveforms were generated by calculating the zeroth moments
G0,x,k and G0,y,k of the additional gradients according to equations
G0,x,k = (cos(a) · gslope · (τslope)2) (6.3)
and
G0,y,k = (sin(a) · gslope · (τslope)2) (6.4)
with tslope = 0.1806 ms, gslope equaling 66.6 mT m−1ms−1 (zeroth moment of
2.17 mT/m ms) or 33.3 mT m−1ms−1 (zeroth moment of 1.08 mT/m ms) and
0 ≤ k ≤ 32.
Different gradient patterns result from the substitution of the argument a by
a =
pi
16
· k (6.5)
for patterns 1, 2, and 5, replacing k = {1, 2, ..., 16} in the predescribed orders.
For patterns 3 and 4, the argument a becomes
a = 0.5 · pi
32
· k (6.6)
with k = {1, 2, ..., 32}. Due to the setup of our implementation, k is restricted
to a value of 32, which necessitates the total labeling train to be composed of
repetitions of the same block of 32 RF pulses.
MR Experiments
All MR experiments were performed on a 3.0 Tesla Philips Achieva Scanner
(Philips Healthcare, Best, The Netherlands). The images were acquired using
a quadrature body coil as the transmit coil for optimal amplitude of RF field
homogeneity and an eight-element phased-array head coil as receiving coil. A
total of 12 healthy subjects (seven male, five female, mean age 26 years) were
imaged according to the experimental description below. Each volunteer gave
written informed consent before participation. The study was approved by the
local institutional review board.
Implied by the numerical simulations (see Results section), all experiments were
performed using the pattern in which a positive gradient is followed by a neg-
ative gradient of the same orientation (pseudo-random order A). The first MR
experiment studied the selectivity provided by superselective pseudo-CASL by
shifting the labeling focus in the left-right direction with respect to the center
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Figure 6.1: Superselective pseudo-CASL. RF and gradient scheme including different
temporal orders of the additional x and y gradients used for the numerical simulations.
The z gradient, which is in the direction of the blood flow, and the RF pulse train are
identical for all gradient schemes. The labeling pulse train shown represents 32 ms of
the total labeling duration.
of one of the ICAs. The corresponding labeling efficiency was measured as a
function of the distance to the center of the targeted vessel; the focus position
was changed in 0.5 mm steps over a distance of 15 mm in a randomized order
(figure 6.2). This procedure was repeated for two different gradient moments
of 1.08 mT/m ms and 2.17 mT/m ms in six volunteers.
The second experiment investigated how the labeling efficiency depends on the
selectivity of the labeling. Labeling efficiency was measured while varying the
zero moments of the added gradients from 0.82 mT/m ms to 6.52 mT/m ms
in random order, with the labeling focus centered on either the left or the right
ICA of the volunteer. This procedure was performed in three volunteers.
For both experiments described above, the labeling was performed at a rela-
tively straight part of one of the ICAs proximal to the entrance of the cranium
to avoid reduced labeling efficiency due to turbulent flow effects or magnetic
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Figure 6.2: Demonstration of the MR experiment to study the selectivity of super-
selective pseudo-CASL. In the left image (coronal MIP of TOF MR angiogram), the
position of the labeling focus and shifting directions are depicted. To the right side,
perfusion-weighted images illustrate the decreasing perfusion signal when shifting the
labeling spot in steps of 1 mm off the center of the targeted vessel (right ICA) for a
gradient moment of 1.08 mT/m ms.
field inhomogeneities. Both experiments also included a non selective (global)
perfusion scan for each volunteer as an experimental control to relate the sig-
nal intensity of the superselective sequence to the signal intensity of the non
selective sequence.
Finally, superselective pseudo-CASL was applied in three more volunteers to
image the perfusion territories of small arteries distal to the circle of Willis to
prove the capabilities of the technique to map the flow territories of the smallest
vessels and from vessels that are located close to other arteries.
A fast (1:30 min) time-of-flight (TOF) MR angiography (MRA) measurement
(field of view 180× 180 mm, voxel size of 0.9× 1.2× 3 mm, 30 slices, 20° flip
angle and pulse repetition time (TR)/ echo time (TE) was 15/3.2 ms) was per-
formed to visualize the major brain feeding arteries (both ICAs and the basilar
artery) and for positioning of the labeling plane. To minimize errors due to
subject motion, TOF measurements were repeated with a reduced number of
slices after each set of four perfusion scans to update the exact location with
respect to the targeted vessel and the labeling focus, respectively.
Scanning and tagging parameters of the superselective pseudo-CASL were as
follows: field of view 220× 220 mm, voxel size of 2.7× 2.7× 6 mm, fast field
echo-planar imaging read-out, labeling duration was 1.65 s, post-labeling de-
lay 1.525 s, with background suppression pulses at 1680 and 2830 s after a
saturation pulse that preceded the labeling. Fifteen slices and 10 averages of
label and control images were acquired in ascending order (inferior to superior),
which led to a scan time of approximately 1:40 min.
For intracranial perfusion measurements, the number of slices was reduced to
exclusively cover the brain tissue distal to the labeling plane, whereas the num-
ber of averages of label and control images was raised to 20 to improve the
image quality.
Post Processing
All images were exported to a Windows personal computer running MatLab
R2010a (The Mathworks, Natick, MA). The perfusion-weighted images were
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obtained by pairwise subtraction of labeled and non labeled magnitude images.
The subtraction images were subsequently averaged without further image reg-
istration or motion correction. Signal intensities of selective perfusion images
were measured in manually drawn regions of interest in each slice, covering the
imaged perfusion territory. Labeling efficiency was calculated by normalizing
the signal intensities of the region of interest with respect to the signal inten-
sity of the non selective perfusion scan.
Finally, intracranially acquired perfusion-weighted images were combined into
a color-encoded frame without thresholding of any kind to demonstrate the
individual perfusion territories. An overlap between perfusion territories will
therefore result in the mixing of two or more colors.
Results
Numerical Simulations
Figure 6.3a exemplifies the dependency of the labeling efficiency on the distance
between the labeling spot and the vessel center for a gradient moment of 2.17
mT/m ms and for different patterns of the additional x and y gradients. The
simulations are normalized to the efficiency of a regular non selective (global)
simulation of the pseudo-CASL experiment without additional transverse gra-
dients. The calculated non selective labeling efficiency of 82.27% is similar
to the results of Wu et al. (24). A vessel diameter of 3.5 mm was assumed
for all simulations. For all gradient patterns, the labeling efficiency decreased
with increasing offset and reached zero at distances between 3.4 mm (gradient
pattern D) and 4.5 mm (sine/cosine gradient pattern) from the vessel center.
With increasing distances to the vessel center, the labeling efficiency fluctuated
between -20% and +20%. The magnetization of the labeling and of the con-
trol experiment oscillated in antiphase in the course of the experiment, which
is illustrated in figure 6.3b and c.
When on top of the vessel, the labeling efficiency considerably varied for dif-
ferent gradient patterns and showed a remarkably lower efficiency for pseudo-
randomized gradient patterns C and D, whereas patterns A and B showed the
best results.
MR Experiments
As a consequence of the numerical simulations, the pseudo-randomized gradient
scheme A (a positive gradient followed by a negative gradient of the same
strength) was chosen for all MR experiments. In addition, results from numerical
simulations are plotted for each of the MR experiments. The individual vessel
diameter of each volunteer at the labeling position was assessed in native
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Figure 6.3: Simulated labeling efficiency of the superselective pseudo-CASL mecha-
nism as a function of distance to the labeling focus for five different gradient patterns
and a gradient moment of 2.17 mT/m ms. The figure inset points out the different
distances of the individual gradient patterns in which the labeling efficiency is nulled
(a). The magnetization in the labeling (b) and control experiment (c) oscillates in
antiphase, resulting in fluctuations of the labeling efficiency.
TOF images and used as input parameter for the simulations. Subsequent aver-
aging of the individual numerical calculations, with error bars representing the
standard deviation, demonstrated a good agreement of measured and simulated
data. Figure 6.4a and b shows the results of the first experiment: The mean
labeling efficiency of six volunteers is plotted against the offset of the labeling
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focus with respect to the center of the selected vessel for gradient moments of
1.08 mT/m ms and 2.17 mT/m ms. Data are normalized to the efficiency of a
regular non selective (global) pseudo-CASL experiment.
Higher gradient moments led to an improved selectivity of the method. A gra-
dient moment of 1.08 mT/m ms (figure 6.4a) neutralized the blood of a non
selected vessel, which would be located 7.0 mm from the labeling focus, whereas
a gradient moment of 2.17 mT/m ms (figure 6.4b) neutralized the blood at a
distance of approximately 3.5 mm from the labeling focus. This implies that
stronger gradients should be used when another vessel is located close to the
targeted one.
The labeling efficiency as a function of various gradient moments (0.82 mT/m
ms to 6.52 mT/m ms) is shown in figure 6.5. Although the labeling focus
stayed centered on the selected vessel throughout the experiment, the labeling
efficiency clearly decreased with increasing gradient strength.
As a first application, figure 6.6 demonstrates the in vivo measurement of per-
fusion territories of selected branches from both ACAs, mainly from the A3
segment. All selected vessels had a diameter of approximately 1.8 mm and
were separated by 6.8 mm and 7.2 mm, respectively. Well-delineated perfusion
territories were obtained and combined in a color-coded image.
The two most frontal located arteries (color coded red and blue) supplied both
sides of the brain’s frontal lobe, whereas tissue located at both sides of the
brain’s center line was supplied by the posterior branch (color coded green).
Another example of labeling neighboring intracranial branching arteries is given
in figure 6.7. Again, branching vessels of both ACA are tagged. In this par-
ticular case, two branches (red arrows) with diameters of 2.0 mm and of 1.4
mm were located right next to each other, with no measurable separation, and
a third branch (green arrow) with a diameter of 1.6 mm was located posterior
to them at a distance of approximately 7 mm. A perfusion territory in the
right hemisphere was obtained from labeling this particular vessel, whereas a
rather large perfusion territory supplying the brain’s frontal lobe and tissue in
the left hemisphere was obtained from the other two vessels. The vessel marked
with a green arrow was selected for inversion and the selectivity was gradually
decreased by decreasing the moment of the additional gradients. A gradient
moment of 1.6 mT/m ms resulted in a low perfusion signal from tissue from
the left hemisphere and even less signal is obtained from the frontal lobe. At a
gradient moment of 1.3 mT/m ms perfusion signal from the frontal lobe was
still low, whereas the perfusion territory in the left hemisphere is clearly visible,
so this territory might be assigned to the artery adjacent to that selected. Only
when the gradient moment was further decreased did a combined perfusion
territory of all three vessels appear.
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Figure 6.4: Measured and simulated labeling efficiencies as a function of distance
to the selected artery for a gradient moment of 1.08 mT/m ms (a) and 2.17 mT/m
ms (b). Error bars of the experimental data represent the standard deviation from
acquisitions of six different volunteers. Error bars of the computed data represent the
standard deviation from three simulations that used the individual vessel diameters of
each volunteer (3.5 mm, 4.2 mm, 4.25 mm (a) and 2.8 mm, 3.5 mm, 3.85 mm (b)).
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Figure 6.5: Measured and simulated labeling efficiencies as a function of the applied
gradient moment when the labeling spot stayed centered on the selected vessel. Error
bars of the experimental data represent the standard deviation from acquisitions of
three different volunteers. Error bars of the computed data represent the standard
deviation from three simulations that used the individual vessel diameters of each
volunteer (3.85 mm, 3.5 mm, and 3.15 mm).
Figure 6.6: Perfusion-weighted images acquired in one volunteer with superselective
pseudo-CASL. Top row: Native TOF image and corresponding sagittal maximum
intensity projection (MIP). Color-coded arrows assign targeted branches of the ACA.
The selected arteries had a diameter of approximately 1.8 mm and were separated
by 6.8 mm (red and blue) and 7.2 mm (blue and green). Bottom row: Appropriate
color-coded perfusion-weighted images show clearly delineated perfusion territories.
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Figure 6.7: Perfusion-weighted images acquired in one volunteer with superselec-
tive pseudo-CASL. Top row: Native TOF image and corresponding sagittal MIP.
Color-coded arrows assign targeted branches of the ACA. The selected arteries had
a diameter of approximately 2.0 mm and 1.4 mm (color coded red; no measurable
separation) and 1.6 mm (color coded green; separated by 7 mm). Second row: T1-
weighted images. Third row: Color-coded perfusion weighted images obtained with
a gradient moment of 2.2 mT/m ms. Fourth to seventh rows: Perfusion-weighted
images selective for the artery marked with green arrow. Gradually decreasing the
selectivity by decreasing the moment of the additional gradients made it possible to
subdivide the perfusion territory of the two neighboring vessels marked with red ar-
rows. At a gradient moment of 1.3 mT/m ms, perfusion signal from the frontal lobe
was markedly lower than the perfusion territory in the left hemisphere so that this
region might be assigned to the artery closer to the selected one.
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Discussion
The most important findings of this study are 3-fold: First, in numerical sim-
ulations an optimal switching scheme of additional time-varying gradients was
determined in terms of spatial selectivity and labeling efficiency. Second, the
proposed technique allows for the individual adaption of the size of the labeling
spot. Third, in vivo measurements demonstrated the ability of superselective
pseudo-CASL to image perfusion territories of various arteries ranging in size
from an ICA and a basilar artery to the smallest intracranial arteries in A2/A3
and M2/M3 segments distal to the circle of Willis.
The switching scheme of the additional gradients has a strong influence on the
labeling efficiency and on the spatial selectivity. In numerical simulations, a
pseudo-randomized gradient scheme in which a positive gradient is followed by
a negative gradient of the same strength (pseudo-random gradient pattern A)
gave a good compromise compared to the other schemes in terms of spatial
selectivity and optimal labeling efficiency (figure 6.3a). However, the different
gradient patterns showed similar profiles in the labeling efficiency with increasing
distance from the targeted area. This might be explained by the averaging over
a broad range of flow velocities, as present in a parabolic flow profile. The dif-
ferent gradient patterns showed a strong variation in the labeling efficiency and
spatial selectivity for constant flow velocities, but these are markedly reduced by
averaging over the range of velocities present in the vessel. Still, there are fluc-
tuations in the labeling efficiency that might be a consequence of the use of the
same gradient moment irrespective of the orientation of the gradient. Without
changing the orientation of these gradients, this will result in phase shifts near
pi and 2pi at exactly those positions that show minimum or maximum labeling
efficiency in figure 6.3a. A rotation of the gradients in a pseudo-random fashion
suppresses the fluctuations in the labeling efficiency but does not remove the
entire effect. It should be noted that Dai and coworkers (26) independently
proposed a similar approach for flow territory mapping, which demonstrates
that a rotating motion of the added gradients in conjunction with an amplitude
modulation improves the suppression of labeling at large distances to the selec-
tion point. A combination of the proposed pseudo-randomized motion of the
labeling plane and an additional amplitude modulation of the strength of the
transverse gradients might lower the oscillations in the labeling. However, this
approach would smooth the definition of the labeling spot, leading to decreased
selectivity.
In order to verify the theoretical findings, spatial selectivity has been inves-
tigated in vivo for two different gradient moments of the proposed gradient
scheme. Higher gradient moments clearly led to an improved spatial specificity.
This can be attributed to the fact that an increased gradient strength results
in a decreased size of the labeling spot and labeling becomes more selective.
If the labeling focus is too small within the targeted artery, it will not cover
the entire vessel so that only part of the blood is tagged, thereby resulting in
a decreased labeling efficiency. This can explain the reduced labeling efficiency
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for gradient moments larger than about 1.19 mT/m ms for vessels on the scale
of ICAs (figure 6.5). For gradient moments smaller than 1.19 mT/m ms, max-
imum labeling efficiency of approximately 85% was achieved as compared to
global labeling. Vessels with smaller diameters than the ICA allow an increased
gradient moment and thus higher spatial selectivity without suffering from a
decreased labeling efficiency. This is especially the case for small closely spaced
intracranial arteries, which require a labeling focus exclusively covering the tar-
geted vessel and sufficient high labeling efficiency at the same time.
The superselective ability was demonstrated in measurements in which the ICA
was tagged and subsequently small branches of the ACAs. The ability to selec-
tively label small intracranial arteries by the proposed superselectivity pseudo-
CASL method is demonstrated in figure 6.6, which shows the labeling of three
branches in A3 segments of the ACA. The resulting color-encoded perfusion-
weighted images allowed for further subdivision of the ACA territory. Moreover,
a specific tuning of the labeling spot makes it possible to distinguish the per-
fusion territories of two or more vessels directly located next to each other, as
demonstrated in figure 6.7.
With these abilities, superselective pseudo-CASL overcomes several drawbacks
of existing RPI methods based on pulsed and (pseudo-)CASL techniques. Two
advantages when compared to pulsed methods are the higher SNR of pseudo-
CASL approaches and the high spatial selectivity that is gained from superse-
lective pseudo-CASL. The ability to pseudo-continuously label blood in a single
artery allows the application for many geometrical situations that are not acces-
sible by pulsed techniques. CASL approaches only require 1-2 cm of a straight
vessel to invert the magnetization of a significant amount of blood, whereas
pulsed ASL methods need a large inversion volume. This is especially prob-
lematic wherever a vessel of interest is branching from a larger artery and is
supplying the tissue at a short distance from the branching point, as is the case
for example in the cerebral arteries distal to the circle of Willis. The continuous
artery-selective spin labeling technique (10) provides spatial specificities similar
to those of superselective pseudo-CASL, but it suffers from high demands on
the RF amplifier, which enforce the use of transmit-receive coils and impede the
utilization at higher field strengths. Besides, due to the continuous movement
of the oblique labeling plane, undesirable artifacts may appear in continuous
artery-selective spin labeling whenever the labeling plane impinges the imag-
ing volume. These artifacts especially occur when the tagging plane is placed
close to the imaging region, as is the case for intracranial labeling, and may
even expand with higher spatial selectivity because this would require a stronger
angulation of the rotating labeling plane. In superselective pseudo-CASL, plan-
ning is easily accomplished due to the fact that no angulations of the labeling
slab are necessary and that additional gradients are not applied during RF ir-
radiation. In principle, this allows for a closer placement of the labeling plane
to the imaging slices, which enables a higher flexibility for planning in different
geometrical situations. However, the slice profile of the labeling pulses, as well
as magnetization transfer effects, restricts the distance between labeling plane
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and proximal imaging planes to approximately 2 cm (12). Thus, for maximum
labeling efficiency only straight-lined arterial segments with such range should
be considered for planning whenever possible.
Another approach for selective labeling of blood, vessel-encoded ASL (12), is
also based on pseudo-CASL and thus provides almost the same methodological
advantages but does not enable the labeling of a single vessel. Planning-free ap-
proaches based on vessel-encoded ASL do bear the risk of unpredictable results
when applied to intracranial arteries or in patients with altered and tortuous
vasculature since the number of flow territories needs to be estimated from
the data themselves and since an artery could cross the labeling plane several
times. In superselective pseudo-CASL, the size of the labeling focus and hence
the selectivity can be tuned. This allows for precise planning of the labeling
plane to obtain maximum labeling efficiency and consequently the imaging of
the perfusion territory of a single artery.
Quantification of perfusion using superselective pseudo-CASL is in principle the
same as that for regular pseudo-CASL. However, a reliable estimate of the la-
beling efficiency is required for individual scans because slight imperfections
in the planning of the labeling spot with respect to the targeted artery can
cause severe decreases in labeling efficiency. This is underlined by the relatively
large deviations in the labeling efficiencies from volunteer to volunteer included
in this study. Moreover, labeling efficiency may be reduced due to field in-
homogeneities caused by susceptibility changes. Components of susceptibility
gradients perpendicular to the selected vessel may cause the labeling focus to
move out of the center of the selected artery and thus reduce the labeling effi-
ciency obtained in in vivo measurements.
Further improvements of superselective pseudo-CASL may include the adap-
tion of pseudo-CASL parameters, especially for slower flow velocities in vessels
distal to the circle of Willis. Labeling of tortuous arteries is challenging and
can possibly be improved by using pulses with narrower slice profiles, which
should reduce the in-plane flow component and hence increase the labeling
efficiency (12). When quantification is not required, the labeling delay could
be decreased in conjunction with an increased labeling duration to increase the
measurable average magnetization difference and hence the SNR. However, this
might promote the appearance of vascular artifacts that will compromise the
interpretation of the flow territory maps.
Conclusions
In summary, superselective pseudo-CASL combines several merits of existing
RPI techniques regarding SNR, spatial selectivity, and applicability. Altogether,
this enables imaging perfusion territories of vessels ranging from the size of the
major brain-feeding arteries to the smallest intracranial vessels distal to the circle
of Willis. With these abilities, superselective pseudo-CASL may become an
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important tool in the process of diagnoses, treatment, and therapy monitoring
of various cerebrovascular diseases.
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Superselective Arterial Spin
Labeling applied for Flow
Territory Mapping in
selected Clinical Cases
Helle M, Rüfer S, van Osch MJP, Nabavi A, Norris DG, Jansen O.
American Journal of Neuroradiology (submitted)
A variety of different clinical examples are used to demonstrate the capabilities
of superselective pseudo-continuous arterial spin labeling (pseudo-CASL) in a
clinical setting, in order to gain additional important information in diagnosis,
risk analysis and treatment monitoring that are neither accessible by digital
subtraction angiography nor by existing selective ASL methods and thus to
propose future applications in clinical routine. In four patients suffering from
symptomatic arterio-venous malformation (AVM), intracranial steno-occlusive
disease, ICA occlusion and meningeoma respectively, superselective pseudo-
CASL was performed in addition to clinical routine measurements. In all cases
superselective pseudo-CASL enabled the assessment of tissue viability and of
territorial brain perfusion at different levels starting from major brain feeding
vessels to collateral circulation at the level of Circle of Willis and even to distal
branching arteries. Exact anatomical allocation of vessels is implicit in this la-
beling technique. This approach made it possible to identify en-passent feeding
vessels of an AVM and to track possible changes in their perfusion territories
after intervention; to depict individual arteries to important functional brain
areas; to estimate the contribution of an extracranial-intracranial bypass to
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the brain perfusion; and finally to distinguish between different compartments
in a meningeoma. The additional information provided by perfusion territory
imaging of intracranial arteries was employed for advanced diagnosis, substanti-
ated risk analysis and improved treatment monitoring in various cerebrovascular
diseases.
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Introduction
Intra-arterial digital subtraction angiography (DSA) is the most widespread
technique for the imaging of cerebrovascular arteries and collateral pathways.
The procedure, however, is invasive and bears the risk of severe complications
such as the dissection of a vessel or the dislodging of intra-arterial plaque by
the catheter used to inject the contrast agent (1). Furthermore, feeding a
catheter through the vasculature may be problematic in patients with highly
tortuous vessels. Moreover, DSA images do not provide quantitative informa-
tion of the actual perfusion of brain tissue that is supplied from a particular
artery. When the contrast agent enters the capillary system from a larger vessel
a rough estimate of the underlying perfusion territory can be made, but since
DSA provides mainly 2D projection images an exact anatomical allocation is
difficult. To visualize all collateral pathways DSA requires an invasive, selective
multi-vessel approach which increases the dosage of ionizing radiation as well
as the amount of exogenous contrast agent. In recent years, huge progress
has been made in the development of various flow territory magnetic resonance
imaging (MRI) techniques which might not only become an alternative to DSA
but could also overcome some of these limitations. Arterial spin labeling (ASL)
utilizes magnetically labeled water protons in the blood as a tracer without
the administration of exogenous contrast agents (2). Multiple two-dimensional
perfusion-weighted images are achieved in a complete non-invasive way and
facilitate a precise allocation between perfusion and the supplied brain tissue.
Different approaches have been developed that enable the imaging of perfusion
territories by selective labeling of the blood in individual vessels (3-17). To
date, these methods have already found widespread clinical application regard-
ing diagnosis, treatment and therapy monitoring in acute stroke as well as in
chronic cerebrovascular disease (18-24). However, the selectivity of existing
methods is much smaller compared to DSA and only allows the imaging of per-
fusion territories of rather large vessels like the internal carotid arteries (ICAs)
and the basilar artery (BA). A much more selective labeling can be achieved
by a recently developed method named superselective pseudo-continuous ASL
(superselective pseudo-CASL) (25). Superselective pseudo-CASL is capable of
adjusting the size of the labeling focus hence making it possible to adapt to
vessels close to each other or to altered arterial architectures in patients. The
technical feasibility of this method has already been established but the clini-
cal usability and benefits still need to be demonstrated. In this study, selected
clinical cases are used, to demonstrate the capabilities of superselective pseudo-
CASL in a clinical setting to gain additional important information regarding
diagnosis, risk analysis and treatment monitoring that are neither accessible by
DSA nor by existing ASL methods and thus to propose future applications in
clinical routine.
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Materials & Methods
Patients
Four patients suffering from symptomatic arterio-venous malformation (AVM),
intracranial steno-occlusive disease, ICA occlusion and meningeoma superse-
lective were investigated using pseudo-CASL, in addition to clinical routine
measurements. The additional sequences were run under a general protocol for
MRI pulse-sequence development approved by the local ethical committee and
all patients gave written informed consent.
In the first case, a 48-year old male patient is presented suffering from severe
headaches. No speech disorder or seizures were reported in the patient history.
MRI measurements and DSA images revealed a 2.8 cm AVM (Spetzler-Martin
grade 2) in the left temporal lobe reaching the insular cortex with feeding
vessels from M2 branches of the middle cerebral artery (MCA) and a venous
drainage into the transverse sinus as well as in two superficial cortical veins. A
pre-surgical functional MRI (fMRI) for language tasks was performed. Superse-
lective pseudo-CASL was applied to image perfusion territories of both the ICAs
and the BA. In addition, the perfusion territories of the AVM-feeding vessels
were investigated prior to surgical removal of the AVM in order to identify en-
passent feeders, and after intervention the measurement was repeated in order
to track possible changes in the perfusion territories. After surgery the patient
developed a temporary moderate sensory aphasia.
In the second case, a 66-year old female patient was studied who suffered from
severe steno-occlusive disease with dysathria and a facial palsy. A computed
tomography scan of the brain showed several old infarctions in the territory of
the right MCA. The transcranial Doppler ultrasonography (TCD) revealed a
tandem stenosis of the right MCA with affection of the bifurcation and two
occluded M2 segments. This finding was confirmed by DSA. Superselective
pseudo-CASL was applied to image perfusion territories of the right ICA and
of the remaining M3 branches of the MCA distal to the stenosis in order to
gain detailed information about the brain regions perfused by these vessels. A
stenting procedure was successfully applied in the stenosis of the M1 segment
but failed in the M2 segment which led to the total occlusion of one of the
remaining M3 branches. After intervention, superselective ASL measurements
were repeated at the remaining M3 branch and the anterior cerebral arteries
(ACA) and compared to DSA.
The third case was a 57-year old male, who presented with symptoms of cere-
bral ischemia and a right-sided arm-accentuated hemiparesis but no aphasia.
The MRI showed a left posterior cortical border zone infarct and a proximal oc-
clusion of the left ICA. TCD with Diamox challenge showed no relevant reserve
capacity for the left hemisphere. Thus, the patient underwent an extracranial-
intracranial bypass surgery (EC-IC bypass) with an anastomosis between the
superficial temporal artery (STA) and the MCA to increase the cerebral blood
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flow of the left MCA territory. After surgery, a global ASL perfusion scan was
applied in order to estimate the overall brain perfusion. Additionally, superse-
lective pseudo-CASL was applied to image perfusion territories of the right ICA,
the BA, the STA and the medial meningeal artery (MMA) in order to reveal
the territorial distribution of the cerebral blood flow, in particular to estimate
the contribution of the STA to the perfusion of the left MCA territory and to
evaluate the result of the surgical intervention.
In the fourth case, a 69-year old female patient presented with attention deficit
disorders and disturbance of memory. MRI measurements revealed a 4-by-4 cm
meningeoma left parieto-occipital and a smaller parietal lesion . Superselective
pseudo-CASL was performed to image the perfusion territories of the major
brain feeding arteries (ICAs, BA) and of the left main trunk of external carotid
artery (proximal of the maxilar artery) as well as of the left occipital artery
(OA) in order to gain a clearer demonstration of the perfusion characteristics
and extent of the tumor.
MR Experiments
All MRI measurements were performed on a clinical 3.0-T Philips Achieva Scan-
ner (Philips Healthcare, Best, The Netherlands) using a quadrature body coil
as transmit coil and an 8-element phased-array head coil as receiving coil. The
acquisition protocol for each patient started with a conventional MR local-
izer followed by a sensitivity encoding (SENSE) reference scan. Afterwards,
time-of-flight (TOF) MR angiography was performed to visualize the vascular
anatomy. The scan parameters were as follows: field-of-view (FOV) 230× 210
mm, voxel size 0.45× 0.45× 0.5 mm, 3D fast-field echo acquisition, 20° flip
angle and pulse repetition time (TR)/echo time (TE) was 20/3.5 ms, 5:50
min acquisition time. Planning of the labeling plane was performed on the
basis of native TOF angiography images and corresponding maximum-intensity
projections (MIP). After each perfusion scan, TOF scans were repeated with
a reduced number of slices to update the exact location with respect to the
targeted vessel and the labeling focus, respectively.
The tagging and scanning parameters for flow territory mapping with superselec-
tive pseudo-CASL were as follows: FOV 220× 220 mm, voxel size 2.7× 2.7× 6
mm, 90° flip angle, TR/TE 4025/11 ms, labeling duration was 1.65 s, post-
labeling delay 1.525 s with background suppression pulses at 1.68 and 2.83 s
after a saturation pulse that preceded the labeling. For intracranial perfusion
measurements the number of slices was adjusted to exclusively cover the brain
tissue distal to the labeling plane (4 to 8 slices). 20 averages of label and
control images were acquired which led to a scan time of approximately 2:40
min per studied vessel.
Finally, T1-weighted images were acquired as anatomical reference using the
same FOV and the same number of slices as the perfusion weighted scans. The
other parameters were as follows: voxel size 0.5× 0.5× 6 mm, fast-field echo
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acquisition, flip angle 80°, TR/TE 333/2.3 ms; 3:35 min scan time.
Post Processing
All images were exported to a Windows PC that was running Matlab R2010a
(The Mathworks, Natick, MA). Perfusion-weighted images from superselective
pseudo-CASL measurements were generated by subtraction of the labeled from
the non-labeled ASL acquisitions. These images were subsequently combined
into a color encoded frame to simultaneously demonstrate the individual blood
supply of all encoded arteries. An overlap between perfusion territories will
therefore result in the mixing of two or more colors.
Results
Figure 7.1 presents the flow territory maps of the major brain feeding arteries
and fMRI images of a patient suffering from an AVM. The blood distribution
showed no noticeable differences to that of healthy volunteers with non-variant
type Circle of Willis (CoW). In fMRI images a dominant activation of the left
hemisphere for language task was found. In DSA and TOF images two feeding
vessels of the AVM were identified (figure 7.2a, b).
Figure 7.1: Perfusion territories of the left (red) and right ICA (green) and the BA
(blue) in a 48-year old male patient with an AVM in the left temporal lobe demon-
strated no noticeable differences to that of a healthy volunteer (a). The corresponding
slices of a pre-surgical fMRI for language tasks showed a dominant activation of the
left hemisphere (b).
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Figure 7.2: AVM feeding vessels of the same patient as in figure 7.1 assigned with
color-coded arrows in a DSA image (a) and in a MIP of a TOF angiography scan
(b). Superselective labeling of these vessels depicted small perfusion territories in the
parietal part of the brain (c).
129
Chapter 7
Superselective labeling of these two vessels depicted small perfusion territories
in the parietal part of the brain (figure 7.2c). After surgical removal of the AVM
superselective labeling revealed significant changes in their perfusion territories
(figure 7.3). The corresponding slices of the fMRI show that parietal parts of
Wernicke’s area are supplied by the tagged arteries. The effect on this area by
the alteration of perfusion territories immediately after surgery offers a possible
explanation for the temporal speech disorders.
Figure 7.4 presents selected slices of patient 2 with intracranial steno-occlusive
disease from selective labeling of the right ICA which demonstrated a sufficient
perfusion of the right hemisphere. Superselective labeling of each of the re-
maining M3 branches revealed that the area of the inferior and superior parietal
lobule was fed by the posterior branch (figure 7.4b, d, green) whereas the cen-
tral region of the right hemisphere was fed by the artery of the post-central
gyrus, in particular the area of the sensorimotor cortex (figure 7.4b, d, red).
This outcome was taken into account in the decision for an endovascular in-
tervention with intracranial stenting. However, during the stenting procedure
of the proximal M1 stenosis the posterior M3 branch became occluded (figure
7.5a). Subsequent labeling of the right ICA demonstrated a sufficient perfusion
of the right hemisphere (figure 7.5b) while the central region was still fed by the
patent artery of the post-central gyrus. Superselective labeling of both of the
ACAs demonstrated that the supply of the former territory of the occluded M3
branch was collateralized by leptomenigeal arteries via the ACA (figure 7.5a, c,
blue) corresponding to results of the DSA (figure 7.5e, arrows).
Figure 7.6 shows TOF angiography images of the 57-year old male patient after
EC-IC bypass surgery with absent flow in the left ICA but collateral blood flow
via the STA and the MMA (figure 7.6a). The global perfusion scan revealed a
sufficient overall brain perfusion, although parts of the left hemisphere showed
hyperintense signal intensities, possibly due to longer transit times of the blood
in the EC-IC bypass resulting in vascular artifacts at the moment of acquisition
(figure 7.6b). According to the perfusion territory maps (figure 7.6c) a well
defined area in the left middle frontal gyrus is fed by the MMA (magenta) but
a far greater area parieto-temporal left is collateralized by the STA (red) via
the bypass. The remainder of the left MCA and most of the left PCA territory
(fetal-type PCA) is fed by blood flowing from the right ICA (green) via the an-
terior communicating artery into the left hemisphere. The findings, especially
the collateralization via the MMA were confirmed by DSA (figure 7.6e).
Figure 7.7 demonstrates the labeled arteries of a patient with a meningeal tu-
mor and corresponding flow territory maps. The parieto-occipital location of
the tumor consisted of two compartments from which one segment was supplied
by intracranial arteries fed by the left ICA (figure 7.7b, green) and the other
segment was supplied exclusively by the external carotid artery (figure 7.7b,
magenta). The superselectively labeled OA did not contribute to the tumor
perfusion, but labeled blood that remained intra-arterial could still be seen in
the perfusion weighted images (figure 7.7b, yellow arrows).
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Figure 7.3: Former AVM feeding vessels of the same patient as in figure 7.1 and
7.2 assigned with color-coded arrows in reconstructed MIPs of a TOF angiography
scan after surgical removal of the AVM (a,b). Superselective labeling of these vessels
revealed significant changes in their perfusion territories compared to figure 7.2c.
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Figure 7.4: DSA images of a 66-year old female patient with intracranial steno-
occlusive disease show a tandem stenosis of the right MCA (black arrows) and two
occluded M2 segments (a). Color-coded arrows in the MIP of a TOF angiography scan
assign remaining M3 branches that were superselectively labeled (b). When selective
labeling was applied to the right ICA, the right hemisphere demonstrated sufficient
perfusion (c). Superselective labeling revealed that the area of the inferior and superior
parietal lobule was fed by the posterior branch (green) whereas the central region of
the right hemisphere was fed by the artery of the post-central gyrus, in particular the
area of the sensorimotor cortex (d, red).
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Figure 7.5: Color-coded arrows in the MIP of a TOF angiography scan assign branches
of the MCA and ACA that were superselectively labeled after the stenting procedure
in the same patient as in figure 7.4 (a). When selective labeling was applied to the
right ICA, the right hemisphere demonstrated sufficient perfusion (b). Superselective
labeling revealed that the supply of the former territory of the occluded M3 branch was
collateralized by leptomenigeal arteries via the ACA (c). These findings corresponded
to results of the DSA (d, arrows).
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Figure 7.6: Color-coded arrows in native and MIP images of a TOF angiography scan
show the targeted arteries in a 57-year old male patient with left-sided ICA occlusion
after EC-IC bypass surgery (a). Global perfusion measurements show sufficient overall
brain perfusion (b). Perfusion territory images show a well defined area in the left
middle frontal gyrus fed by the MMA (magenta) and a far greater area parieto-
temporal left collateralized by the STA (red) via the bypass (c). The remainder of the
left MCA and most of the left PCA territory is fed from the right ICA (green). The
right PCA territory is fed from the BA. The findings, especially the collateralization
via the MMA were confirmed by DSA (d).
134
Superselective ASL applied for Flow Territory Mapping in Clinical Cases
Figure 7.7: Color-coded arrows in native and MIP images of a TOF angiography
scan (a) show the targeted arteries in a 69-year old female patient with a left-sided
meningeoma parieto-occipital and a smaller parietal lesion (anatomical reference im-
ages). Perfusion territory images reveal two tumor compartments from which one
segment was supplied by intracranial arteries fed by the left ICA (green) and the other
segment was supplied exclusively by the external carotid artery (magenta). The su-
perselectively labeled OA did not contribute to the tumor perfusion but labeled blood
that remained intra-arterial could still be seen in the perfusion weighted images (yellow
arrows).
Discussion
This study demonstrated that the recently developed technique of superselec-
tive pseudo-CASL (25) has the ability to gain important additional information
on cerebral perfusion and its territorial distribution when applied to different
entities. In particular the method’s flexibility to plan the labeling focus and to
adapt to different vasculatures made it possible to visualize the blood supply
of individual vessels to specific brain areas. This enables the assessment of
territorial brain perfusion at different levels starting from major brain feeding
vessels, to collateral circulation at the level of CoW and to even distal branching
arteries.
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The superselective labeling of small intracranial vessels may open new perspec-
tives in the diagnosis and treatment of AVMs. The identification of arterial
feeding vessels still remain superior in DSA which is mainly because of its selec-
tivity providing relevant functional information regarding the vascular supply of
AVMs. Existing selective ASL techniques already detected cross-filling feeding
vessels to the contralateral hemisphere in AVMs that affect both hemispheres
and improved Spetzler-Martin classification in combination with 4D contrast-
enhanced MR angiography (26). However, no information on the brain per-
fusion of single feeding vessels could be given especially when the AVM is
located entirely in one hemisphere. The improved selectivity of superselective
pseudo-CASL made it possible to label the blood of single arteries from a large
convolute of vessels, thereby identifying feeding vessels of the AVM and, more-
over, distinguishing between feeding vessels exclusively supplying the AVM and
en-passent feeding arteries additionally supplying the cerebral cortex, which is
important for a precise planning of the surgical intervention (figure 7.2). In the
presented case, superselective pseudo-CASL made it possible to track changes
in perfusion territories after removal of the AVM (figure 7.3) which made it
possible to explain the temporal speech disorders of this patient.
The second case demonstrates the importance of an exact anatomical regis-
tration between blood supply and brain function (figure 7.4). The perfusion
territory image of the ipsilateral ICA showed sufficient perfusion of the affected
hemisphere but did not provide further information on the remaining MCA
branches and their individual contribution to the cerebral perfusion. Such in-
formation was considered highly important by the interventional radiologist for
deciding on further treatment strategies in this patient since there was a high
risk of progression and for the stenosis to turn into occlusions. Superselective
pseudo-CASL revealed the supply of the sensorimotor cortex solely by one of
the remaining M3 branches and made it possible to balance between different
treatment options (figure 7.4). The altered flow territories shown by super-
selective pseudo-CASL corresponded to findings from DSA showing collateral
flow via both of the ACAs to the territory that was formerly fed by a remaining
M3 branch (figure 7.5).
In case of an ICA occlusion with subsequent EC-IC bypass procedure super-
selective pseudo-CASL provided information on the overall-brain perfusion of
the patient after the EC-IC bypass operation (figure 7.6). This was important
for the final evaluation of the intervention and for an estimation of the correct
function of the anastomosis which otherwise could only be accomplished by
invasive methods like DSA. Moreover, superselective pseudo-CASL yielded per-
fusion territories of extra-anatomical arteries (bypass) and other various sized
brain supplying arteries as small as the MMA, and allowed for the evaluation of
collateral perfusion from leptomeningeal arteries which is only barely accessible
by DSA, and cannot be accomplished with existing selective ASL techniques or
with other imaging modalities (figure 7.6).
A detailed knowledge of blood supply may also be beneficial for certain types of
intracranial tumors. The depiction of feeding arteries may help to distinguish
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between intra- and extra-axial tumors since a differentiation on conventional
MR imaging alone can be difficult, and may be important especially when the
aim is to perform a pre-surgical embolization of the tumor. This adjuvant
therapy is useful in mitigating blood loss during surgical resection but is only
applied when the dominant blood supply is clearly from the ECA. So far, pa-
tients need to undergo a DSA examination to reveal the vascular supply of the
tumor. However, it was demonstrated that superselective pseudo-CASL enables
the identification of the supplying arteries of a tumor and if necessary to divide
the tumor into corresponding supplementary territories and different compart-
ments fed from different vascular territories (figure 7.7).
Compared to other imaging modalities, in particular DSA, limitations of superse-
lective pseudo-CASL include its high sensitivity to motion during the acquisition
of the images. This is because of the intrinsic low signal-to-noise ratio (SNR)
of ASL in general, and since the method relies on the subtraction of labeled and
non-labeled images. The sequential labeling of individual vessels as performed
in this study may increase the appearance of motion artifacts in between the dif-
ferent flow territory maps. Different approaches have been developed to reduce
the scan time of selective ASL-scans but these are usually accompanied with a
decrease in selectivity which would generally be unacceptable in the proposed
applications (13, 16).
Another potential error source is the incorrect position of the labeling spot when
a patient moves after the TOF-scan, but before or during an ASL-scan has been
planned. In particular when the aim is to tag a single small intracranial artery
this might degrade the image quality or lead to misinterpretation of the results.
To minimize errors due to subject motion TOF-measurements were repeated
with a reduced number of slices after each perfusion scan to update the exact
location with respect to the targeted vessel and the labeling focus, respectively.
However, the non-invasiveness of ASL in general also means that it may be
repeated without the risk of adverse effects.
Another disadvantage of superselective pseudo-CASL is the single time-point
acquisition of the images. If the labeled blood does not reach the region of
interest at the time of image acquisition the tissue may appear dark, giving
the false impression of no perfusion to the region. Therefore, the choice of the
labeling duration and the labeling delay can be an important issue especially
in patients with modified transit times of the blood in different vessels. In the
third case, the labeled blood of the EC-IC bypass yielded hyperintense signal
intensities in the images, which were most probably due to labeled blood that
remained in the arteries due to longer transit times in the bypass. This carries
the risk of drawing incorrect conclusions on the cerebral perfusion e.g. by un-
derestimating the perfusion territory. Multi-time-point acquisitions would allow
for an exact determination of the blood transit time but are usually applied in
combination with pulsed ASL techniques which offer limited selectivity and only
allow the imaging of flow territories of the major brain feeding arteries (27).
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Conclusions
This clinical study showed miscellaneous applications for superselective pseudo-
CASL. In different pathologies, the method demonstrated its capabilities in
providing important information in a complete non-invasive way which was em-
ployed for an advanced diagnosis, a substantiated risk analysis and an improved
treatment monitoring. For a complete evaluation of this technique, a prospec-
tive study design with a larger population will be required. This will include
a greater variety in terms of type and location of a certain disease within dif-
ferent patient groups and can be more extensively correlated with conventional
angiography before and after treatment.
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Chapter 8
Selective Multi-Vessel
Labeling Approach for
Perfusion Territory Imaging
in Pseudo-Continuous
Arterial Spin Labeling
Helle M, Rüfer S, van Osch MJP, Jansen O, Norris DG.
Magnetic Resonance in Medicine (accepted)
Recently, a new method for perfusion territory imaging named superselective
pseudo-continuous arterial spin labeling was introduced. The method employs
additional time-varying gradients to create a circular labeling spot that can
be adjusted in size and thus adapted to individual arteries. In this study, the
additional gradients are adjusted in such a way that an elliptical labeling spot is
formed which can be applied to label the blood in multiple vessels simultaneously
in conjunction with an increased labeling efficiency compared to the original
superselective approach. Compared to other selective multi-vessel strategies the
proposed technique allows for an improved and flexible adaption of the labeling
focus to different anatomical variations of the arteries in the neck so that a total
of five perfusion territories from the data acquired in three measurements can
be recalculated in a reduced scan time. These include perfusion territories of the
cerebrum but also the perfusion territories in the cerebellum fed by individual
vertebral arteries.
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Introduction
The exact knowledge of individual perfusion territories of brain feeding arter-
ies could be extremely helpful in the diagnosis of a variety of cerebrovascular
diseases. Arterial spin labeling (ASL) techniques are capable of providing such
information by magnetically labeling arterial water protons of a single artery
without the use of exogenous contrast agents and in a completely non-invasive
way (either by inversion or saturation of the blood magnetization). The ac-
quired two-dimensional perfusion weighted images allow for a precise allocation
between perfusion and the supplied brain regions. In recent years a number
of ASL-based approaches have been developed that enable regional perfusion
imaging (RPI) and the generation of flow territory maps by selective labeling
of the blood in individual vessels (1-9). These methods have already found
widespread clinical application and made it possible to address several clinical
questions regarding the diagnosis, treatment and therapy monitoring in acute
cerebrovascular diseases like stroke, e.g. for the correlation between embolic
infarcts and causative vessels (10,11), as well as in chronic cerebrovascular dis-
ease (12-16).
However, most of the existing selective ASL approaches only allow for RPI
in the major brain feeding vessels like the internal carotid arteries (ICA) and
both the vertebral arteries (VA). Only few methods have the capability to label
smaller arteries, like each of the VAs, separately, which could be a reason why
the perfusion territories of such arteries have hardly been investigated in either
healthy or diseased populations (8,9,17,20). Another explanation might be the
fact that the assessment of individual arteries usually requires a precise planning
of the labeling slab and separate measurements for the vessels of interest which
can considerably prolong the overall scan duration.
Several labeling schemes for RPI have been proposed in which more than one
vessel is labeled simultaneously and individual flow territories are subsequently
recalculated from the acquired data (2,17-19). Labeling schemes based on
pulsed ASL (PASL) capitalize on the large inversion volumes to cover several
arteries in parallel. However, this restricts the spatial selectivity of the label
especially for small and highly tortuous vessels, hence, only allow for the mea-
surement of perfusion territories in the cerebrum (2,17). Another approach
based on pseudo-continuous ASL exploits the spatial variation of the labeling
efficiency and is relatively insensitive to the arterial architecture and can there-
fore also be applied to smaller arteries (18,19). In this technique the labeling
efficiency is modulated in a single direction throughout the labeling plane in
order to provide different vessels with unique labeling efficiencies which makes
it possible to visualize two or more perfusion territories at the same time. In
complex and altered arterial structures this is not always possible to achieve
and results indicate that the robustness of the reconstruction methods in clini-
cal applications needs to be assessed, especially for mixed perfusion territories
in the vertebrobasilar system (19,21).
In this study, we propose a new labeling scheme for superselective pseudo-CASL
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that utilizes an elliptical labeling spot in order to label the blood in multiple
vessels simultaneously. The approach allows for an improved planning of the
labeling focus in terms of flexibility and adaptability and makes it possible to
calculate a total of five perfusion territories from the data acquired in three
measurements. When compared to an individual labeling of the arteries the
scan time can be significantly reduced and furthermore brings with it a higher
labeling efficiency which can improve overall image quality. Compared to other
labeling schemes this results in images which not only include the flow territo-
ries of the major brain feeding arteries in the cerebrum, but also the territories
of each of the VAs in the cerebellum.
Materials & Methods
Labeling Scheme
Superselective pseudo-CASL employs additional time-varying gradients in x- and
y-direction perpendicular to the labeling direction in combination with phase
changes of the RF pulses to achieve an efficient inversion at the targeted artery
whereas at other positions in the labeling plane phase variations prevent in-
version (20). The size of the labeling spot can be adjusted by changing the
moment of the applied extra gradients. Thereby, equal gradient moments of
the x and y gradients create a circular labeling spot that can be adapted to an
individual vessel. Unequal gradient moments of the additional gradients result
in an elliptical labeling spot that can be used to label more than one vessel
simultaneously. Initially, numerical simulations of the labeling efficiency as a
function of distance to the labeling focus similar to the theoretical calculations
described in (20) were used to investigate the impact of different gradient mo-
ments on the size and on the shape of the label in order to adapt the labeling
focus to multiple vessels. The simulations were based on numerically solving
the Bloch equations for spins that flow perpendicularly through the inversion
plane. The phase changes of the spins due to the additional gradients were
calculated for both label and control experiments, and finally the total mag-
netization transported by a vessel was obtained by numerical integration after
traversing through the simulated region. In this process, various input parame-
ters were taken into account such as the slice profile of the Hanning pulses, the
blood’s longitudinal and transverse relaxation times (T1= 1650 ms, T2=100
ms), the range of blood flow velocities present in the vessel (1 cm/s to 60
cm/s) as well as parabolic flow profile and vessel diameter. The simulations
were conducted for non-selective labeling (i.e. without additional gradients)
and for the selective multi-vessel approach so that the labeling efficiency can
be derived from
(MControlz −MLabelz )selective
(MControlz −MLabelz )non−selective
× 100% (8.1)
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In a volunteer study, ASL data based on selective multi-vessel labeling was
then used to acquire three perfusion images: One of the left circulation (LC)
with combined flow territories of the left ICA and of the VA, one of the right
circulation (RC) with combined flow territories of the right ICA and right VA,
and one of the posterior circulation (PC) with combined flow territories of both
the VAs.
Individual flow territories can be calculated from this set of images algebraically
in a fashion similar to that used in (17), according to the following relations:
ICAright = (RC− PC+ | RC− PC |)/2 (8.2)
ICAleft = (LC− PC+ | RC− PC |)/2 (8.3)
VAright = PC− ICAright (8.4)
VAleft = PC− ICAleft (8.5)
BA = VAright + VAleft (8.6)
MR Experiments
All MR experiments were performed on a 3.0-T Philips Achieva Scanner (Philips
Healthcare, Best, The Netherlands) using the body coil for RF transmission
and an 8-element phased-array head coil as receiver coil. In order to verify the
proposed labeling scheme, a total of 8 healthy subjects was scanned according
to the experimental description below. Each volunteer gave written informed
consent before participation in the study.
The acquisition protocol started with a conventional MR localizer followed by
a sensitivity encoding (SENSE) reference scan. Afterwards, a time-of-flight
(TOF) MR angiography (MRA) scan was performed in order to visualize the
vessels of interest (both of the ICAs, the VAs and the BA). The native images
of the TOF MRA together with their coronal and sagittal maximum-intensity
projections (MIP) were used for an exact planning of the labeling plane. The
scan parameters were as follows: field of view (FOV) 180x180 mm, voxel size
of 0.9x1.2x3 mm, 50 slices, 20° flip angle and pulse repetition time (TR)/echo
time (TE) was 15/3.2 ms, resulting in an acquisition time of approximately 2
min.
In order to verify the proposed labeling scheme both the original approach
(labeling of each vessel separately) as well as the selective multi-vessel labeling
approach were applied in each volunteer. In addition, a nonselective perfusion
scan was acquired for subsequent quantitative data analysis (see post-processing
section). The labeling process is temporally structured as follows: saturation
pulse (t=0), labeling (for a duration of 1.65 s), 1st background suppression
(BS) pulse (t=1.68 s), post-labeling delay (for a duration of 1.525 s), 2nd BS
pulse (t=2.83 s), gradient echo-planar readout (FOV 220x220 mm, voxel size
2.7x2.7x6 mm). 18 slices were applied covering both the cerebrum and the
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cerebellum and 20 pairs of label and control images were averaged for each
measurement of the LC, RC and PC. Scan time was approximately 2:40 min
per scan.
Finally, T1-weighted images were acquired as an anatomical reference using
the same FOV and the same slices as the perfusion-weighted scans. All other
parameters were as follows: voxel size 0.5x0.5x6 mm, fast-field echo acquisition,
flip angle 80° and TR/TE was 333/2.3 ms resulting in a scan time of 3:35 min.
Post Processing
All images were exported to a Windows PC running Matlab R2010a (The
Mathworks, Natick, MA). A pairwise subtraction of labeled and non-labeled
magnitude images yielded the perfusion-weighted images. Afterwards, the sub-
traction images were averaged without further image registration or motion
correction. When acquired with superselective pseudo-CASL these images were
subsequently combined into a color encoded frame, in order to simultaneously
demonstrate the individual blood supply of all encoded arteries. An overlap
between different perfusion territories will therefore result in the mixing of two
or more colors. When acquired with selective multi-vessel ASL the images were
computed according to the proposed decoding scheme prior to color coding.
For quantitative analysis of the data the signal intensities of selective perfusion
images acquired with the original approach were measured in manually drawn
regions of interest (ROI) in each slice, covering the imaged perfusion territory.
The same ROIs were used for the quantification of the signal intensities in the
images acquired with the selective multi-vessel approach in which multiple ves-
sels were labeled and thus a distinction between individual perfusion territories
was not possible before the application of the proposed subtraction scheme.
The labeling efficiency was finally calculated by normalizing the signal intensi-
ties of the ROI with respect to the signal intensity of the nonselective perfusion
scan according to equation 8.1.
The differences in the labeling efficiencies of both approaches were analyzed
with a two-tailed paired t-test considering P<0.05 as statistically significant.
Results
Figure 8.1 presents results from numerical simulation and illustrates the shape
of the labeling spot of the original superselective and of the selective multi-
vessel approaches dependent on the applied gradient moments. Equal gradient
moments of m0,x = m0,y = 1.08 mT/m ms in the x and y directions result in a
circular labeling spot which can be used to superselectively label individual brain
feeding arteries (figure 8.1a) (20). Unequal gradient moments like m0,x = 0.1
mT/m ms and m0,y = 1.08 mT/m ms result in an elliptical labeling spot
147
Chapter 8
Figure 8.1: Results from numerical simulation of the original superselective approach
(a) using identical gradient moments in x and y direction which results in a circular
labeling spot (m0,x = m0,y = 1.08 mT/m ms). Unequal gradient moments (b) result
in an elliptical labeling spot (m0,x = 0.1 mT/m ms, m0,y = 1.08 mT/m ms). The
gradient moments can be adjusted in such a way that multiple vessels are labeled
simultaneously, e.g. the vertebral arteries (c).
that is extended in the direction of the weaker gradient (figure 8.1b) and that
can be utilized to label multiple vessels simultaneously as described above (fig-
ure 8.1c). Figures 8.2 and 8.3 show the flow territory maps of the cerebellum
and of the cerebrum obtained in two volunteers with both the original superse-
lective and the selective multi-vessel labeling approaches. The calculated flow
territories from multi-vessel labeling were very similar to the territories measured
with superselective pseudo-CASL. The individual flow distribution pattern is de-
pendent on anatomical variations of the posterior circulation in the cerebellum
and variations in the CoW in the cerebrum, and can be depicted by means of
both labeling approaches. In the first subject (figure 8.2) the right VA (yellow)
ends in the right posterior inferior cerebellar artery (PICA) which is the reason
why only the left VA (blue) contributes to the blood supply of the posterior
cerebrum. In the second subject presented in figure 8.3 the VAs are of similar
size, hence, both arteries contribute to the posterior territory which results in
a mixed perfusion signal whereas the blood supply of the cerebellum showed
separate flow territories of the two VAs.
Figure 8.4 demonstrates the benefits of selective multi-vessel labeling for flow
territory mapping in the cerebrum, in particular the visualization of the pos-
terior circulation when compared to the superselective approach. This subject
presented a strongly angulated BA that required an oblique planning of the
labeling plane in superselective pseudo-CASL in order to ensure that the blood
of the BA flowed perpendicularly through the labeling plane and hence to ob-
tain an optimal labeling efficiency (figure 8.4, magenta plane). However, this
resulted in interference between labeling plane and image stack so that arti-
facts appeared in the region of interest (figure 8.4, dashed circle). Selective
multi-vessel labeling enabled the labeling of both the VAs simultaneously which
made it possible to position the labeling plane more proximally to the imaging
volume and thereby to avoid any intersection (figure 8.4, yellow plane). More-
over, the enlarged labeling focus used in the selective multi-vessel approach is
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advantageous for the labeling efficiencies as demonstrated in figure 8.5. The
quantitative analysis showed a significantly increased labeling efficiency in all
major brain feeding arteries when labeled simultaneously as compared to the
original single-vessel labeling approach (P<0.05).
Figure 8.2: Artery selective labeling in a first volunteer: In a native TOF image
and corresponding sagittal MIP the targeted vessels in superselective pseudo-CASL
are assigned with color-coded arrows (a). Elliptical labeling spots assign the targeted
arteries in selective multi-vessel ASL (b). Flow territory maps obtained with the
original (c) and with the selective multi-vessel labeling approach (d) show that the
right VA (yellow) ends in the right PICA which is the reason why only the left VA
(blue) contributes to the blood supply of the posterior circulation of the cerebrum.
Corresponding T1-weighted images serve as anatomical reference (e).
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Figure 8.3: Artery selective labeling in a second volunteer: In a native TOF image
and corresponding sagittal MIP the targeted vessels in superselective pseudo-CASL
are assigned with color-coded arrows (a). Elliptical labeling spots assign the targeted
arteries in selective multi-vessel ASL (b). Both VAs are of similar size. Hence, flow
territory maps obtained with the original (c) and with the selective multi-vessel labeling
approach (d) demonstrate that both VAs (yellow, blue) contribute to the posterior
territory which results in mixed perfusion signal. Even so, the territorial blood supply
of the cerebellum showed significant differences between the two VAs. Corresponding
T1-weighted images serve as anatomical reference (e).
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Figure 8.4: Flow territory maps obtained with the original superselective approach
(a) and with selective multi-vessel labeling applied exclusively to the VAs (b). Corre-
sponding T1-weighted images serve as anatomical reference (c). A strongly angulated
BA requires an oblique planning of the labeling plane (d, magenta plane) so that the
blood flows perpendicularly through the labeling plane ensuring optimal labeling ef-
ficiency. This may result in interference between labeling plane and imaging volume
(white rectangle) so that undesirable artifacts will appear most notably in the poste-
rior circulation (blue, dashed circle). Simultaneous labeling of the VAs will circumvent
such problems since the labeling plane is positioned more proximally to the imaging
stack (yellow plane).
Figure 8.5: Measured labeling efficiencies from images acquired with the original
approach and with the selective multi-vessel approach. Due to the increased size of
the labeling spot used for the simultaneous labeling of multiple vessels the labeling
efficiency is heightened compared to the labeling of single vessels with superselective
pseudo-CASL. Error bars represent the standard deviation from acquisitions of eight
different volunteers (* indicates statistical significant difference p<0.05 as tested by
a paired t-test).
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Discussion
The most important findings of this study are threefold:
First, the additional gradients in superselective pseudo-CASL can be adjusted in
such a way that an elliptical labeling spot is created. Second, when compared
to the superselective approach this can be utilized to label the blood in multiple
vessels simultaneously with an increased labeling efficiency. At the same time,
the risk of creating artifacts in the imaging volume due to interference with the
labeling plane is considerably reduced. Third, when compared to other labeling
schemes this approach provides a labeling focus that allows for an improved
adaption to arterial structures and which makes it possible to recalculate differ-
ent perfusion territories of the cerebrum and the cerebellum in a certain labeling
scheme from a decreased number of acquisitions.
Superselective pseudo-CASL offers the possibility to change the moment of the
additional applied gradients perpendicular to the labeling direction, and hence
to change the size of the labeling spot and adapt to an individual artery. The
numerical simulations demonstrated that when the extra gradients are applied
with unequal moments the shape of the labeling spot becomes elliptical (figure
8.1). Instead of superselectively labeling each of the major brain feeding ar-
teries individually in separate measurements the expanded labeling spot can be
adapted and makes it possible to simultaneously label multiple vessels in a re-
duced acquisition time and subsequently calculate different perfusion territories
of the major brain feeding arteries. As a consequence, a total of five perfusion
territories in the cerebrum (ICAs, BA) as well as in the cerebellum (VAs) can
be computed from the data acquired in three scans which results in a scan time
reduction of about 40% compared to the original superselective pseudo-CASL
approach for the same territories (figure 8.2 and 8.3). Even if only the perfusion
territories of the cerebrum, in particular the posterior circulation, are of inter-
est, the application of selective multi-vessel labeling is beneficial compared to a
single vessel labeling. Subjects presenting a strongly angulated BA require an
oblique orientation of the labeling plane so that the blood flows perpendicularly
through the labeling plane for optimal labeling efficiency. At the same time
this may result in interference between the labeling plane and image stack so
that undesirable artifacts will appear in the region of interest making it diffi-
cult to delineate the flow territories and possibly leading to false interpretations
of the results (figure 8.4). Simultaneous labeling of the VAs will circumvent
such problems since the labeling plane can be positioned more proximally to the
imaging stack (1-3). Furthermore, when the aim is to tag multiple vessels at
the same time, as is the case for the proposed labeling scheme or for the imag-
ing of the posterior circulation, the increased size of the elliptical labeling spot
will result in a higher labeling efficiency and thereby in higher SNR compared
to superselective pseudo-CASL (figure 8.5). For the superselective labeling of
an individual vessel - especially in the vicinity of other adjacent arteries - a high
gradient strength is required. However, if the labeling focus is too small, it will
not cover the entire vessel so that only part of the blood is tagged, thereby
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resulting in a decreased labeling efficiency (20).
Similar approaches for the simultaneous labeling of more than one vessel have
recently been presented for RPI based on pulsed ASL. Large angulated inversion
slabs are employed to simultaneously label the lateral and posterior circulations
(2,17) so that in a simple subtraction scheme, three perfusion territories were
calculated from two acquired datasets. The acquisition time of this labeling
scheme is considerably shorter compared to the approach proposed in this study,
however, the large inversion volumes required to label a significant amount of
blood in pulsed ASL make it difficult to exclusively label smaller and/or tor-
tuous vessels like the VAs, which strongly limits the spatial selectivity of these
methods. Consequently, only perfusion territories of the major brain feeding
arteries in the cerebrum can be visualized but not in the cerebellum.
Another approach utilizes a recently developed method named vessel-encoded
ASL for the generation of VA territory maps (18,19). However, this approach
requires more elaborate and complex reconstruction processes compared to the
simple subtractions schemes as employed in this study: The decoding into per-
fusion territory images is based on vessel-specific labeling efficiencies that are
measurable from the acquired ASL data, and voxels are clustered into perfusion
territories by using cut-off values. However, there is evidence that the results
need to be verified more thoroughly, especially for mixed perfusion territories
and for situations where the amount of mixed blood varies spatially (19,21).
Another advantage of the comparatively larger labeling spot in multi-vessel ASL
will be the decreased sensitivity to the misplacement of the labeling spot when
a patient moves after the angiography scan but before or during an ASL scan
has been planned. In other selective ASL methods that focus on the labeling of
a single artery this might reduce the labeling efficiency since the targeted artery
may move out of the labeling spot and thus degrade the image quality of the
scans or lead to a misinterpretation of the results. On the downside, the sensi-
tivity to motion artifacts during the image acquisition is increased. This is due
to the fact that in selective multi-vessel ASL the flow territory maps are com-
puted from three individually acquired measurements. Head motion between or
during the ASL scans will therefore degrade the image quality and hinder the
calculation of reliable territorial perfusion data. The current implementation
of selective multi-vessel ASL acquires separate control scans per average for
each of the labeled arterial circulation. A more complex implementation named
cycled ASL combines separate scans into one imaging sequence which has been
proven to potentially overcome problems induced by subject motion (2). The
tagging pulses are consecutively switched between the selected arteries and only
one control scan per average is acquired for all the individually labeled vessels
which decreases the overall scan time. Additional combination with motion
detection and removal of corrupted image pairs during post-processing could
also be advantageous for selective multi-vessel ASL.
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Conclusions
In summary, this study presents a new labeling scheme for the acquisition of
perfusion territories of the brain (including the cerebellum) making use of an in-
dividual adjustment of the labeling focus to encompass multiple arteries. Similar
perfusion territories as with the original superselective pseudo-CASL approach
can be obtained with selective multi-vessel ASL, but require fewer measure-
ments depending upon the number of arteries to be labeled, and the ease with
which multiple arteries can be included in elliptical labeling regions. With these
abilities, selective multi-vessel ASL may become a helpful tool for advanced
diagnosis in patients with various cerebrovascular diseases.
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A variety of methods exist to measure and quantify cerebral perfusion in general,
but only few of them present the ability to gather regional information on cere-
bral perfusion that can be assigned to a particular artery (Chapter 1). Among
such methods arterial spin labeling (ASL) techniques based on magnetic reso-
nance imaging (MRI) currently represent the most promising approaches with
respect to a selective measurement of flow territories of individual arteries and
prospective clinical applicability (Chapter 2-4). An advantageous property is
the fact that ASL approaches are inherently complete non-invasive. In ASL
the blood itself is utilized as an endogenous tracer by applying a magnetic la-
bel to the water spins within an artery. In contrast, other perfusion imaging
modalities require exogenous contrast agent administration and are quite often
associated with the exposure to ionizing radiation, e.g. as in computer tomog-
raphy (CT). Another advantage of ASL is the possibility to restrict the label
to a single artery and to allow for regional perfusion imaging (RPI) by generat-
ing flow territory maps or perfusion territories, hence, giving information about
brain areas supplied by individual vessels. Detailed knowledge of cerebral per-
fusion territories can provide important information of high diagnostic value in
many cerebrovascular diseases. It is not surprising that RPI has already found
widespread application and has made it possible to address several clinical ques-
tions in normal and diseased populations, particularly in acute stroke as well
as chronic cerebrovascular disease. However, the previous studies have only
been able to investigate perfusion territories of the major brain feeding arteries
in the neck, because technical limitations of existing selective ASL approaches
did not allow for an increased spatial selectivity of the labeling. In contrast, a
variety of cerebrovascular diseases only affect the intracranial vasculature and
presents pathological alterations predominantly (or solely) in the arteries distal
to the major brain feeding vessels so that flow territory mapping of individ-
ual intracranial arteries would be beneficial for an advanced diagnosis (Chapter
7). This is especially desirable, because a lot of these aﬄictions are treated
by endovascular or surgical interventions but the procedures can be difficult to
perform, and thus, be associated with a high risk of severe complications (1-3).
In such cases, perfusion territory imaging of single intracranial vessels could
potentially contribute to a more specific characterization of a vascular problem
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that can be helpful for the choice of the appropriate therapy or even for the
planning of an intervention. To clarify the role of an individual artery could
also help to assess the risk associated with a certain therapy approach and the
improvement that can be expected from it. In this regard the possibility for
follow-up examinations in order to verify the therapy results is as important as
the specificity of the initial diagnosis.
The work presented in this thesis aimed to fill the gap between the diagnostic
possibilities of existing RPI approaches and the diagnostic demands of various
cerebrovascular diseases, in order to better evaluate and specify an individual
clinical situation. Consequently, the primary goal was to develop an advanced
ASL technique that overcomes the limitations of existing RPI methods, in par-
ticular in terms of spatial selectivity so that even the blood of small intracranial
arteries can be labeled without degrading the signal-to-noise ratio (SNR) in
the resulting perfusion weighted images. At the same time, another concern
was to provide a selective ASL sequence that is useable for clinical routine
measurements without additional preparations and hardware and that can be
accomplished with straightforward planning and in an acceptable scan time.
In a first study presented in Chapter 5, a recently introduced method for RPI
named continuous artery-selective spin labeling (CASSL) was extensively inves-
tigated (4). CASSL relies on standard continuous arterial spin labeling (CASL)
but employs a tilted labeling plane that is set into rotation about the axis of
the selected artery in order to achieve spatial selectivity. The technique seemed
promising for the labeling of small intracranial vessels, but the influence of its
key labeling parameters on the labeling selectivity had only been barely analyzed.
Numerical simulations yielded a thorough understanding of the CASSL label-
ing mechanism and made it possible to optimize the key labeling parameters
in order to achieve an increased spatial selectivity whilst maintaining sufficient
labeling efficiency. The optimized labeling parameters were finally tested in a
volunteer study and demonstrated highly selective perfusion measurements of
small vessels in the intracranial vasculature. However, CASL based techniques
usually require the application of transmit-receive coils in order to overcome
problems with body-coil transmission. In a clinical environment such coils are
less used especially since many sequences utilize multi-array receive coils, e.g.
for a faster image acquisition which makes it difficult to integrate CASSL in
the clinical work flow. Another problem is that the inherent continuous RF
irradiation of CASL approaches is associated with large power depositions in
the subject which can easily exceed the specific absorption rate (SAR) limits.
This impedes a utilization at magnetic field strengths greater than 1.5 T al-
though ASL clearly benefits from higher field strengths because of longer blood
T1 relaxation times which will improve the SNR of ASL measurements. Besides
such technological aspects, it must also be assumed that particularly for neuro
imaging the installations of 3.0 T MRI systems is increasing worldwide due to
several other technical benefits compared to 1.5 T so that it can be estimated
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that also the demand for RPI techniques at higher field strength will increase
(5).
The above mentioned problems motivated the development of an improved
method which allows for ASL measurements even at higher field strength and
at least with the same spatial selectivity as provided by the optimized CASSL ap-
proach. Pseudo-continuous arterial spin labeling (pseudo-CASL) seemed most
suitable since the benefits of both CASL and pulsed ASL (PASL) methodologies
are combined (6-8) (Chapter 4). Based on this spin labeling approach, in Chap-
ter 6 a new technique for RPI named superselective pseudo-CASL is proposed.
Spatial selectivity is achieved by taking advantage of the time intervals in be-
tween the RF pulses to introduce additional time-varying gradients. The phases
of the radiofrequency pulses are adopted to cancel out the phase accrual of the
spins in the selected vessel due to the extra applied gradients. This results
in efficient inversion at the targeted position, whereas elsewhere throughout
the labeling plane time-varying phase changes will result in marginal inver-
sion efficiency. Initial in vivo measurements demonstrated the superselective
capabilities of the method by perfusion territory imaging of small intracranial
branching vessels even distal to the circle of Willis. Another important aspect of
superselective pseudo-CASL is the ability to tune the size of the labeling focus
by changing the moment of the added gradients, hence, allowing for a flexible
adaption to individual vessels ranging from the size of the major brain-feeding
arteries to the smallest intracranial vessels. This can be an important utility for
the application in patients with altered arterial architectures and complicated
arterial geometries or when adjacent vessels are located close to the targeted
vessel.
Consequently, in Chapter 7, superselective pseudo-CASL was employed in a
variety of cerebrovascular diseases. The application in different pathologies il-
lustrated the feasibility as a clinical tool that can add valuable information by
perfusion territory imaging in the diagnostic process. In all cases superselec-
tive pseudo-CASL made it possible to provide important information used for
an advanced diagnosis in ICA occlusion, arterio-venous malformation (AVM)
and brain tumor as well as for a pre-surgical risk analysis in intracranial steno-
occlusive disease. The repeated application in all patients after interventional
treatment demonstrated a robust clinical applicability and the potential to pro-
vide an improved therapy monitoring for various interventions. However, the
identification of arterial feeding vessels still remains superior in intra-arterial
digital subtraction angiography (DSA) which is mainly because of its high tem-
poral and spatial resolution as well as its high vessel specificity (Chapter 1). In
fact, DSA procedures are invasive and always associated with the risk of severe
complications which encourages the development of alternative flow territory
techniques based on MRI that might not only become alternatives to DSA but
could also overcome some of its limitations as demonstrated for superselective
pseudo-CASL and some other RPI approaches.
The range of potential applications makes superselective pseudo-CASL a promis-
ing tool for the assessment of various cerebrovascular diseases. However, the
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visualization of several perfusion territories requires an individual adaption of
the labeling focus and separate positioning of the labeling slab for each individ-
ual artery of interest. This procedure can be time-consuming and is sensitive
to patient motion in particular when a patient has moved between the acquisi-
tion of the prerequisite planning angiogram of the vessels and the start of the
RPI sequence. The study presented in Chapter 8 adapted the labeling focus to
multiple arteries at the same time. The additional gradients in superselective
pseudo-CASL were adjusted in such a way that an elliptical labeling spot is
formed which was applied to encompass multiple vessels simultaneously. This
multi-vessel approach allows to recalculate a total of five perfusion territories
from the data acquired in three measurements in a reduced scan time com-
pared to the original superselective approach. In addition, the risk of creating
artifacts in the imaging volume due to interference with the labeling plane is
considerably reduced.
However, it seems likely that RPI may also be beneficial in organs other than
the brain. For instance, it has already been shown that standard ASL (i.e. non-
selective ASL acquisitions) can be successfully employed to measure kidney
perfusion and even cardiac perfusion (9-13). In principle, there are no technical
constraints that restrict the proposed methods in this thesis solely to cerebral
arteries . But selective labeling of single vessels in abdominal organs may be
impaired due to breathing motion which might impede an exact planning of the
labeling focus required for the exclusive labeling of a single artery. An individ-
ual labeling of coronary arteries seems even more challenging since additional
problems caused by heart motion need to be taken into account. Moreover,
it must also be assured that the labeling focus stays centered on the selected
vessel over several breathing cycles and/or heart phases for sufficient labeling
efficiency.
Beside the ASL based assessment of perfusion the techniques proposed in these
studies may in future also be utilized for ASL angiography measurements (14).
In fact, different strategies for ASL angiography have been recently presented
that have already been applied in the cerebral vasculature and in renal arteries
(15-19). Initial results from a combination of superselective pseudo-CASL with
an optimized high-resolution 3D data acquisition seem promising in healthy
volunteers as well as in AVM patients (20). Superselective ASL angiography
images not only showed good agreement compared to DSA, but made it possible
to identify different compartments of an AVM which were supplied by a single
feeder, or in which mixing of blood of two or more feeders occurred and which
was only barely visible in DSA images.
In conclusion, the work of this thesis investigated different possibilities for perfu-
sion territory imaging in the brain based on MRI. The preliminary results shown
in this thesis seem sufficiently successful to extend the presented approaches in
a larger patient population. A greater variety in terms of type and location of
certain cerebrovascular diseases within different patient groups will be required
to completely evaluate the benefits and pitfalls in order to decide upon the
162
Summary and Outlook
clinical value of the proposed strategies.
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Er bestaan verschillende methoden om perfusie van het brein te meten en te
kwantificeren, maar slechts enkele zijn in staat om regionale informatie over de
perfusie van een enkele arterie te verzamelen (Hoofdstuk 1). Van deze meth-
oden zijn arterial spin labeling (ASL) technieken, gebaseerd op MRI beeldvor-
ming, momenteel het meest veelbelovend met betrekking tot het selectief meten
van perfusie gebieden van individuele arteriën en mogelijke klinische toepas-
baarheid (Hoofdstuk 2-4). Een groot voordeel van ASL methoden is dat deze
techniek per definitie non-invasief is. In ASL wordt het bloed zelf gebruikt als
een endogene tracer door het aanbrengen van een magnetisch label aan de water
spins in een arterie. Dit in tegenstelling tot andere perfusie methoden die een
exogene contrast vloeistof vereisen en vaak worden geassocieerd met de bloot-
stelling aan ioniserende straling, zoals bijvoorbeeld bij computer tomography
(CT). Een ander voordeel van ASL is de mogelijkheid om het label te beperken
tot een enkele arterie om beeldvorming van regionale perfusie (RPI) mogelijk te
maken door het maken van flow territorium kaarten of perfusie gebieden; met
andere woorden, het is met ASL mogelijk om informatie te geven over welke
hersengebieden door een bepaalde arterie van bloed worden voorzien. Gede-
tailleerde kennis over de perfusie gebieden kan belangrijke informatie van hoge
diagnostische waarde geven in vele cerebrovasculaire aandoeningen. Het is dan
ook niet verwonderlijk dat RPI een wijdverspreide toepassing heeft gevonden
en het mogelijk heeft gemaakt om verschillende klinische vragen over gezonde
en zieke populaties te beantwoorden, in het bijzonder voor acute beroerte en
chronische cerebrovasculaire aandoeningen. Echter, voorgaande studies waren
slechts in staat om de perfusie gebieden van de grote hersenarteriën in de hals te
onderzoeken, doordat de ruimtelijke selectiviteit van de labeling in de bestaande
selectieve ASL methoden beperkt waren. Terwijl verschillende cerebrovasculaire
aandoeningen alleen de intracraniële vaten aantasten en pathologische veran-
deringen zich voornamelijk (of enkel) manifesteren in de arteriën distaal van de
grote aanvoerende arteriën. Het onderzoeken van perfusie gebieden van indi-
viduele intracraniële arteriën zou dus voordelen bieden voor een geavanceerde
diagnose (Hoofdstuk 7). Dit is vooral wenselijk omdat veel van deze aandoenin-
gen worden behandeld door endovasculaire of chirurgische ingrepen die moeilijk
zijn uit te voeren en daardoor een groot risico op ernstige complicaties met zich
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mee brengen (1-3). In zulke gevallen kan het in kaart brengen van het perfusie
gebied van een enkele intracraniële arterie mogelijk bijdragen aan een betere
karaterisatie van een vasculair probleem. Dit kan nuttig zijn bij het bepalen
van de geschikte therapie of zelfs bij het plannen van een interventie. Met het
in kaart brengen van de rol van een individuele arterie kan ook het gelopen
risico van een therapeutische benadering en de te verwachte verbetering beter
worden ingeschat. In dit licht is de mogelijkheid voor vervolgonderzoeken om
het resultaat van de therapie te volgen even belangrijk als de specificiteit van
de aanvankelijke diagnose.
Het werk in deze thesis is erop gericht het gat tussen de diagnostische mo-
gelijkheden van bestaande RPI methoden en de diagnostische eisen van diverse
cerebrovasculaire aandoeningen te dichten en daarmee een individuele klinische
situatie beter te kunnen evalueren en specificeren. Zodoende was het primaire
doel het ontwikkelen van een verbeterde ASL techniek zonder de beperkingen
van bestaande RPI methoden, in het bijzonder op het gebied van ruimtelijke
selectiviteit, zodat zelfs het bloed in kleine intracraniële arteriën gelabeld kan
worden zonder in te leveren op de signaal-ruisverhouding (SNR) in de per-
fusiebeelden. Tegelijkertijd was het belangrijk om een selectieve ASL methode
te ontwikkelen die bruikbaar is voor klinische routine metingen, zonder extra
voorbereidingen en hardware, die bereikt kan worden met een eenvoudige plan-
ning en binnen een redelijke scantijd.
In een eerste studie (Hoofdstuk 5) werd een onlangs geïntroduceerde methode
voor RPI, continue arterie selectieve spin labeling (CASSL), uitgebreid onder-
zocht (4). CASSL is gebaseerd op standaard continue arterie spin labeling
(CASL), maar gebruikt een gekanteld vlak voor labeling dat wordt geroteerd
rond de as van de geselecteerde arterie om ruimtelijke selectie te bereiken. De
techniek leek veelbelovend voor het labelen van kleine intracraniële vaten, maar
de invloed van de belangrijkste parameters op de selectiviteit van de labeling
waren nauwelijks onderzocht. Numerieke simulaties gaven een degelijk inzicht
in de CASSL labeling mechanismen waardoor de parameters konden worden
geoptimaliseerd om een hogere ruimtelijke selectiviteit te behalen, zonder label-
ing efficiëntie te verliezen. Uiteindelijk werden de optimale labeling parameters
getest op een groep vrijwilligers. Deze parameters bleken in staat om perfusie
metingen van kleine intracraniële vaten mogelijk te maken. Echter, technieken
gebaseerd op CASL vereisen doorgaans het gebruik van zendontvangst spoelen
om problemen met body-coil transmissie te voorkomen. In een klinische omgev-
ing worden dergelijke spoelen minder gebruikt, vooral omdat veel sequenties
multi-array ontvangst spoelen gebruiken, bijvoorbeeld voor een snellere beeld
acquisitie. Dit maakt het moeilijk om CASSL te integreren in een klinische rou-
tine. Een ander probleem is de continue RF straling die inherent is aan de CASL
benadering waardoor de patiënt aan een zodanig hoog vermogen kan worden
blootgesteld dat de specific absorption rate (SAR) limiet mogelijk wordt over-
schreden. Dit belemmert het gebruik bij veldsterktes hoger dan 1.5 T, terwijl
ASL wel voordeel heeft van hogere veldsterktes door de langere T1 relaxatie
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tijden van bloed. Deze verbeteren de SNR van ASL metingen. Behalve deze
technologische aspecten moet ook worden aangenomen dat vooral voor neuro
imaging de installatie van 3.0 T MRI systemen wereldwijd zal toenemen door
diverse andere technische voordelen in vergelijking met 1.5 T. Hiermee zal ook
de vraag naar RPI technieken voor hogere veldsterkten toenemen (5).
De bovengenoemde problemen zetten aan tot de ontwikkeling van een verbe-
terde methode die ASL metingen ook op hogere veldsterkten mogelijk maakt
met minimaal dezelfde ruimtelijke selectiviteit als de geoptimaliseerd CASSL be-
nadering. Pseudocontinue arterie spin labeling (pseudo-CASL) leek het meest
geschikt vanwege de voordelen van zowel CASL als gepulste ASL (PASL) meth-
oden die worden gecombineerd (6-8) (Hoofdstuk 4). In Hoofdstuk 6 wordt een
nieuwe techniek voor RPI, superselectieve pseudo-CASL genaamd, voorgesteld,
die is gebaseerd op deze spin labeling techniek. Ruimtelijke selectie wordt be-
haald door gebruik te maken van de tijdsintervallen tussen de RF pulsen om
extra tijdsafhankelijke gradiënten te introduceren. De fases van de RF pulsen
worden overgenomen om de opgebouwde fase van de spins in het geselecteerde
bloedvat door de toegevoegde gradiënten teniet te doen. Dit resulteert in een
efficiënte inversie van de beoogde positie, terwijl elders in het labeling vlak de ti-
jdsafhankelijke faseveranderingen resulteren in een marginale inversie efficiëntie.
De eerste in vivo metingen lieten de superselectieve mogelijkheden van de me-
thode zien door het vastleggen van de perfusie gebieden van kleine intracraniële
vertakte vaten, zelfs distaal van de cirkel van Willis. Een tweede belangrijk
aspect van superselectieve pseudo-CASL is de mogelijkheid om de grootte van
de labeling focus aan te passen door het aanpassen van het moment van de
toegevoegde gradiënten. Hierdoor is een flexibele aanpassing aan individuele
vaten, variërend van de grootte van de carotiden tot de kleinste intracraniele
vaten mogelijk. Dit kan een belangrijke eigenschap zijn in de toepassing bij
patiënten met een aangepaste arteriële architectuur en gecompliceerde arteriële
geometriën of wanneer naburige vaten te dicht bij het te onderzoeken vat liggen.
Vervolgens werd pseudo-CASL in Hoofdstuk 7 toegepast op diverse cerebrovas-
culaire aandoeningen. De toepassing op verschillende pathologiën laat de mo-
gelijkheid als klinische sequentie zien, die door middel van RPI beeldvorming
waardevolle informatie toevoegt aan het diagnostische proces. In alle gevallen
kon pseudo-CASL belangrijke informatie verschaffen voor het stellen van een
geavanceerde diagnose van zowel ICA occlusie, arterio-veneuze malformatie
(AVM) en hersentumor, als voor een risicoanalyse in intracraniële steno-occlusieve
aandoening voorafgaand aan een chirurgische ingreep. De herhaalde toepassing
op alle patiënten na behandeling liet de robuustheid van de klinische toepassing
en de mogelijkheid op een verbeterde monitoring van de therapie voor diverse
ingrepen zien. Echter, de identificatie van de arteriële vaten is nog steeds su-
perieur in intra-arteriële digitale subtractie angiografie (DSA), vooral door de
hoge resolutie in zowel tijd als ruimte en door zijn hoge specificiteit voor vaten
(Hoofdstuk 1). Maar, het feit dat DSA invasief is en altijd een reëel risico op
complicaties met zich mee brengt, moedigt de ontwikkeling van alternatieve
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technieken voor RPI, gebaseerd op MRI, aan. Deze methoden zouden niet
alleen een alternatief voor DSA kunnen zijn, maar mogelijk ook enkele teko-
rtkomingen van superselectieve pseudo-CASL en andere RPI technieken kunnen
overwinnen.
De reeks aan mogelijke toepassingen maakt superselectieve pseudo-CASL een
veelbelovende techniek voor het beoordelen van diverse cerebrovasculaire aan-
doeningen. Echter, de visualisatie van verschillende perfusie gebieden vergt een
individuele aanpassing van de labeling focus en afzonderlijke positionering van
de labeling vlak voor elke arterie die moet worden onderzocht. Deze proce-
dure kan tijdrovend zijn en is gevoelig voor bewegingen van de patiënt, vooral
wanneer de patiënt heeft bewogen tussen de acquisitie van het angiogram wat
wordt gebruikt voor de planning en de start van de RPI sequentie. In de studie
die wordt gepresenteerd in Hoofdstuk 8 werd de labeling focus aangepast om
tegelijkertijd meer arteriën te labelen. De toegevoegde gradiënten in supers-
electieve pseudo-CASL werden zodanig aangepast dat een elliptische labeling
plek werd gevormd. Deze werd zo gepositioneerd dat er een aantal vaten wer-
den omvat. Door deze benadering is het mogelijk om uit de data van drie
metingen in totaal vijf perfusie gebieden te berekenen en daarmee de scantijd
te reduceren. Daarnaast wordt het risico op artefacten in de afbeeldingen door
interferentie met het vlak van labeling sterk verminderd.
Echter, het is waarschijnlijk dat RPI ook voordelen kan hebben voor andere
organen dan de hersenen. Het is bijvoorbeeld al aangetoond dat standaard ASL
(d.w.z. niet selectieve ASL) succesvol kan worden gebruikt om de doorbloeding
van nieren en zelfs het hard te meten (9-13). In principe zijn er geen technische
redenen die de voorgestelde methoden in deze thesis beperken tot de cerebrale
arteriën. Het selectief labelen van afzonderlijke vaten in de buikholte kan echter
wel bemoeilijkt worden door ademhalingsbewegingen. Deze belemmeren een
goede planning van de labeling focus, welke nodig is voor de exclusieve labeling
van een enkele arterie. De individuele labeling van coronaire arteriën lijkt nog
uitdagender doordat er rekening gehouden moet worden met de extra problemen
door de bewegingen van het hart. Bovendien, voor een voldoende efficiënte
labeling moet het geselecteerde bloedvat gedurende diverse ademhalingscycli
en/of hartslagen in de labeling focus blijven.
Naast de op ASL gebaseerde perfusiemetingen kunnen de technieken voorgesteld
in deze studies in de toekomst mogelijk ook gebruikt worden voor ASL an-
giografie (14). Recentelijk zijn verschillende strategiën voor ASL angiografie
voorgesteld, die reeds op de cerebrale en renale vatenstelsels zijn toegepast
(15-19). Voorlopige resultaten van een combinatie van superselectieve pseudo-
CASL met een geoptimaliseerde hoogresolutie 3D data acquisitie zijn veel-
belovend in zowel gezonde vrijwilligers als AVM patiënten (20). Superselec-
tieve ASL angiografie afbeeldingen komen niet alleen goed overeen met DSA,
maat bieden ook de mogelijkheid om onderscheid te maken tussen verschillende
compartimenten van een AVM die werden gevoed door een enkel vat, of waarin
menging van bloed van twee of meer vaten optrad, wat nauwelijks zichtbaar
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was op DSA beelden.
Samenvattend, het werk in deze thesis onderzocht verschillende mogelijkheden
voor het afbeelden van perfusie gebieden in de hersenen met behulp van MRI. De
voorlopige resultaten die in deze thesis zijn getoond, zijn zodanig succesvol dat
de gepresenteerde benadering kan worden uitgebreid naar een grotere patiën-
tengroep. Een grotere variëteit in termen van type en locatie van bepaalde
cerebrovasculaire aandoeningen binnen verschillende patiëntengroepen is nodig
voor een complete evaluatie van de voordelen en valkuilen, welke nodig is om
de klinische waarde van de voorgestelde strategieën te beoordelen.
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Heutzutage gibt es eine Vielzahl unterschiedlicher Methoden zur Messung und
Quantifizierung der zerebralen Perfusion, von denen aber nur wenige die ge-
messene Durchblutung auch einzelnen Gefäßen zuschreiben können (Kapitel
1). Basierend auf der Magnet-Resonanz-Tomographie (MRT) zählen Arterial
Spin Labeling (ASL) Techniken zu den vielversprechendsten Verfahren, wenn
es um die Messung von Durchblutungsgebieten einzelner Arterien und die klin-
ische Anwendbarkeit geht (Kapitel 2-4). Letzteres wird vor allem durch die
Tatsache begünstigt, dass ASL eine komplett nicht-invasive Methode ist, bei
der das Blut selbst als endogenes Kontrastmittel fungiert und die darin befind-
lichen Wasserstoffprotonen (bzw. deren Spins) durch entsprechende Hochfre-
quenzpulse (HF) eine „magnetische Markierung“ erfahren. Dagegen benötigen
andere Bildgebungsverfahren zur Messung der Perfusion nicht nur die Gabe exo-
gener Kontrastmittel, sondern sind oftmals auch mit einer erheblichen Strahlen-
exposition verbunden, wie z.B. bei der Computer-Tomographie (CT). Ein weit-
erer Vorteil von ASL ist die Möglichkeit, die Markierung der Wasserstoffpro-
tonen auf einzelne Gefäße zu beschränken und dadurch Durchblutungsgebiete
bzw. Perfusionsterritorien darzustellen, die ausschließlich Informationen über
die Blutversorgung einzelner Arterien zu bestimmten Hirnarealen liefern. Die
genaue Kenntnis solcher Perfusionsterritorien kann wichtige Informationen für
eine detailliertere Diagnostik bei verschiedensten zerebrovaskulären Erkrankun-
gen liefern. Es ist daher nicht verwunderlich, dass die Messung von Perfu-
sionsterritorien mittlerweile schon eine breite Anwendung gefunden und zur
Beantwortung vieler klinischer Fragestellungen beigetragen hat, insbesondere
bei Schlaganfällen und chronisch zerebrovaskulären Erkrankungen. Bisherige
Studien konnten allerdings lediglich die Perfusionsterritorien der großen hirn-
versorgenden Arterien untersuchen, da existierende ASL-Verfahren durch tech-
nische Limitationen keine höhere Selektivität in der Markierung einzelner Gefäße
erlauben. Dem gegenüber steht jedoch eine Vielzahl zerebrovaskulärer Erkrankun-
gen, die überwiegend (oder ausschließlich) das intrakranielle Gefäßsystem betre-
ffen und pathologische Veränderungen nur in Arterien distal der großen hirnver-
sorgenden Gefäße aufweisen, so dass auch in diesen Fällen die Messung von Per-
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fusionsterritorien einzelner intrakranieller Arterien zu einer verbesserten Diag-
nostik beitragen würde (Kapitel 7). Dies ist oftmals von besonderem Interesse,
da eine beträchtliche Anzahl der zerebrovaskulären Erkrankungen eine interven-
tionelle (endovaskuläre) oder sogar chirurgische Behandlung erfordern. Da es
sich dabei häufig nicht um Routineeingriffe handelt, ist das Komplikationsrisiko
entsprechend erhöht und jede zusätzliche Information im Vorfeld einer Interven-
tion kann von beträchtlichem Nutzen sein (1-3). In solchen Fällen könnte die
Darstellung von Perfusionsterritorien einzelner intrakranieller Gefäße z. B. zu
einer spezifischeren Charakterisierung eines vaskulären Problems, d. h. zu einer
differenzierteren Diagnose beitragen, was wiederum hilfreich für die Wahl der
entsprechenden Therapie oder auch zur Planung einer Intervention sein kann.
Zu wissen, welche Rolle eine einzelne Arterie in der Versorgung des Gehirns
einnimmt, kann darüber hinaus auch zur Bewertung des mit einem Eingriff ver-
bundenen Risikos nützlich sein oder aber zur Abschätzung der zu erwartenden
hemodynamischen Veränderungen im Gefäßsystem nach der entsprechenden Be-
handlung eines Problems. In diesem Zusammenhang ist die Möglichkeit für
Nachfolge-Untersuchungen zur Überprüfung eines Therapieergebnisses ebenso
wichtig wie die anfänglich gestellte Diagnose.
Die Arbeiten zu dieser Dissertation haben den Anspruch, die Lücke zwischen
den diagnostischen Möglichkeiten existierender Verfahren zur Messung von Per-
fusionsterritorien und den diagnostischen Anforderungen für unterschiedlichste
zerebrovaskuläre Erkrankungen zu füllen, um dadurch eine bessere und spe-
zifischere klinische Beurteilung im Rahmen einer Diagnostik zu ermöglichen.
Infolgedessen war das Hauptziel eine verbesserte ASL-Methode zu entwickeln,
die die technischen Limitationen existierender Techniken beseitigt - vor allem
bezüglich der räumlichen Selektivität - so dass sogar noch das Blut in kleinen
intrakraniellen Gefäßen markiert werden kann, ohne das Signal-zu-Rausch-Ver-
hältnis (SNR) der perfusionsgewichteten Bilder zu stark zu beeinträchtigen.
Gleichzeitig soll gewährleistet sein, dass die neue ASL-Sequenz auch in klinis-
che Routinemessungen integriert werden kann, ohne zusätzliche Vorkehrungen
treffen oder Apparaturen anschließen zu müssen und deren Durchführung ohne
komplizierte Planung in einer akzeptablen Messzeit erfolgen kann.
In einer ersten Studie (Kapitel 5) wurde zunächst eine erst kürzlich entwic-
kelte Methode zur Messung von Perfusionsterritorien mit dem Namen Con-
tinuous Artery-Selective Spin Labeling (CASSL) umfassend untersucht und op-
timiert (4). CASSL basiert auf der herkömmlichen Continuous ASL-Technik
(CASL), aber verwendet eine gekippte Markierungsebene, die um die Achse
der zu markierenden Arterie in Rotation versetzt wird, um eine räumlich se-
lektive Markierung zu erzielen. Diese Technik erschien vielversprechend für die
Markierung des Blutes auch noch in kleinen intrakraniellen Gefäßen, wobei der
Einfluss wichtiger Sequenz-Parameter dieser Methode auf die Selektivität der
Markierung bisher nur unzureichend analysiert wurde. Numerische Simulationen
führten zu einem genaueren Verständnis des CASSL-Markierungsmechanismus
und ermöglichten dadurch die Optimierung der Sequenz-Parameter, um eine
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höhere Selektivität bei gleichzeitiger Aufrechterhaltung der Inversions-Effizienz
bei der Markierung zu erzielen. Die optimierten Parametereinstellungen wurden
anschließend im Rahmen einer Probandenstudie getestet und führten zu hochse-
lektiven Perfusionsmessungen von kleinen Arterien im intrakraniellen Gefäßsys-
tems. CASL-basierte Methoden erfordern in der Regel jedoch die Verwendung
von speziellen Sende-Empfangs-Spulen, um Problemen mit der üblicherweise
verwendeten Body-Coil des MRTs zuvorzukommen. Solche Spulen werden
heutzutage allerdings eher selten im klinischen Alltag eingesetzt, da viele MRT-
Sequenzen für Mehrkanalspulensysteme ausgelegt sind, um z. B. eine schnellere
Bildakquisition zu gewährleisten. Dieser Umstand macht es schwierig, CASSL
in klinische Protokolle und Abläufe zu integrieren. Außerdem können die vor-
geschriebenen Grenzen der spezifischen Absorptionsrate (SAR) durch die bei
CASL verwendeten langen HF-Pulse und die damit verbundenen hohen En-
ergiedepositionen im Patienten leicht überschritten werden. Dies erschwert vor
allem eine Verwendung bei Magnetfeldstärken größer als 1.5 T, obwohl ASL
im Allgemeinen von höheren Feldstärken profitiert, insbesondere auf Grund der
längeren T1-Relaxationszeit des Blutes, die maßgeblich zu einer Erhöhung des
SNR in ASL Messungen beiträgt. Neben solchen und anderen technologischen
Aspekten muss damit gerechnet werden, dass vor allem im Bereich der Neu-
robildgebung, die Anzahl der Installationen von 3.0 T MRT-Systemen weltweit
zunehmen wird, so dass es wahrscheinlich ist, dass ebenfalls die Nachfrage
nach Methoden zur Messung von Perfusionsterritorien bei höheren Feldstärken
zunehmen wird (5).
Die oben erwähnten Probleme motivierten daher die Entwicklung einer ver-
besserten Methode, die ASL Messungen auch bei höheren Feldstärken erlaubt
und mindestens die gleiche räumliche Selektivität besitzt wie die optimierte
CASSL Methode. Pseudo-Continuous Arterial Spin Labeling (pseudo-CASL)
erschien dafür am besten geeignet, da in dieser Technik die Vorteile von CASL
und Pulsed ASL (PASL) vereint sind (6-8) (Kapitel 4). Basierend auf diesem
ASL Verfahren, wird in Kapitel 6 eine neue Technik mit dem Namen Supers-
elective pseudo-CASL zur Messung von Perfusionsterritorien vorgestellt. Eine
räumliche Selektivität der Anregung wird durch zusätzliche Gradienten erreicht,
die zwischen einzelnen HF-Pulsen geschaltet werden. Dabei wird die Phase der
HF-Pulse derart nachgeregelt, dass die Phasenvariationen im selektierten Gefäß,
hervorgerufen durch die zusätzlichen Gradienten, berücksichtigt werden. Dies
bewirkt eine effektive Inversion der Spins im zu markierenden Gefäß, während an
allen anderen Positionen in der Markierungsebene die Phasenveränderungen eine
vergleichsweise geringe Inversions-Effizienz bewirken. Die ersten dazu durchge-
führten in-vivo Messungen konnten die superselektiven Eigenschaften dieser
Methode durch die Darstellung von Perfusionsterritorien kleiner intrakranieller
Arterien sogar distal des Circulus Willisii bestätigen. Eine weitere Eigenschaft
von Superselective pseudo-CASL ist die Möglichkeit, durch Veränderung der
zusätzlichen Gradientenmomente, die Größe des Markierungs-Punktes zu vari-
ieren und somit eine Anpassung an unterschiedliche Gefäße, angefangen bei den
großen hirnversorgenden Arterien bis hin zu kleinsten intrakraniellen Gefäßen,
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zu ermöglichen. So etwas kann vor allem bei Patienten mit krankhaft verän-
derten Gefäßen oder komplizierten Gefäßverläufen von Nutzen sein oder aber
dann, wenn von sehr dicht beieinander liegenden Arterien nur eine Einzelne
markiert werden soll.
Kapitel 7 beschreibt folglich die erste Anwendung von Superselective pseudo-
CASL in unterschiedlichsten zerebrovaskulären Erkrankungen, z. B. bei Ver-
schluß der Arteria Carotis Interna, bei Arterio-Venösen Malformationen (AVM)
und Hirntumoren sowie für prächirurgische Risikoabschätzung bei Patienten
mit intrakraniellen steno-okklusiven Erkrankungen. Dadurch wurde nicht nur
die Umsetzung und Anwendbarkeit als klinisches Hilfsmittel gezeigt, welches
durch die Darstellung individueller Perfusionsterritorien wertvolle Erkenntnisse
im Rahmen der Untersuchung beisteuert, sondern Superselective pseudo-CASL
konnte in allen Fällen auch wichtige Informationen für eine noch genauere Di-
agnostik liefern. Darüberhinaus konnte durch die wiederholte Anwendung in
allen Patienten nach erfolgter Behandlung auch die Robustheit der Methode
und das Potential für eine verbesserte Therapiekontrolle nach erfolgter Inter-
vention gezeigt werden. Trotzdem gilt heutzutage die Digitale Subtraktions-
Angiographie (DSA) auf Grund ihrer hohen zeitlichen und räumlichen Auflösung
sowie der guten Gefäßspezifität immer noch als Goldstandard zur Untersuchung
des Gefäßsystems (Kapitel 1). Aber die Tatsache, dass DSA-Interventionen in-
vasiv und mit einem gewissen Risiko ernsthafter Komplikationen behaftet sind,
bestärken die Entwicklung alternativer Techniken, z. B. basierend auf MRT, die
nicht nur eine Alternative zur DSA sind, sondern auch gewisse Einschränkungen
und Limitationen beseitigen könnten, wie im Falle von Superselective pseudo-
CASL und einiger andere Methoden zur Messung von Perfusionsgebieten gezeigt
wurde.
Das Spektrum potentieller Anwendungen macht Superselective pseudo-CASL
zu einem vielversprechenden Hilfsmittel bei der Diagnostik von unterschied-
lichsten zerebrovaskulären Erkrankungen. Die Darstellung mehrerer Perfusion-
sterritorien macht es jedoch erforderlich, den Markierungspunkt auf jede Ar-
terie einzeln zu positionieren und einzustellen. Dies kann nicht nur einige Zeit
in Anspruch nehmen, sondern ist auch anfällig gegenüber Bewegungen, ins-
besondere, wenn der Patient sich zwischen der für die Planung notwendigen
Angiographie-Sequenz (zur Darstellung der zu markierenden Gefäße) und der
ASL-Messung bewegt. In Kapitel 8 wird daher eine Möglichkeit vorgestellt, wie
der Markierungsfokus auf mehrere Arterien gleichzeitig adaptiert werden kann.
Die für Superselective pseudo-CASL zusätzlich benötigten Gradienten werden
dabei so eingestellt, dass ein elliptischer Markierungsfokus entsteht, der dann
mehrere Arterien einschließen kann. Dieser Ansatz ermöglicht anschließend
die Berechnung von insgesamt fünf Perfusionsterritorien aus Daten von drei
verschiedenen Messungen und benötigt somit zugleich deutlich weniger Akqui-
sitionszeit. Zusätzlich wird dabei das Risiko erheblich reduziert, Artefakte im
Bildvolumen durch Überschneidung mit der Markierungsebene zu erzeugen.
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Es ist zu erwarten, dass die Darstellung von Perfusionsterritorien anderer Or-
gane in Zukunft ebenfalls von Interesse und Nutzen sein wird. Nicht-selektive
ASL-Verfahren konnten bereits erfolgreich auch außerhalb des Hirns einge-
setzt werden, z. B. um die Nieren- und Herzperfusion zu messen (9-13).
Prinzipiell gibt es daher auch keine technischen Hinderungsgründe, die die in
dieser Arbeit vorgestellten Methoden ausschließlich auf die zerebralen Arte-
rien beschränken könnten. Allerdings könnte die selektive Markierung einzelner
Gefäße von Organen im Abdomen durch die Atembewegung beeinträchtigt wer-
den und somit auch eine genaue Positionierung des Markierungspunktes für die
Messung eines Perfusionsterritoriums einer einzelnen Arterie erschweren. Die
individuelle Markierung von Koronararterien könnte sogar eine noch größere
Herausforderung darstellen, da zusätzlich noch die Bewegung der Herzkontrak-
tion berücksichtigt werden müsste. Darüberhinaus müsste sichergestellt sein,
dass der Markierungspunkt während der Atem- bzw. Herzbewegung auf dem
selektierten Gefäß verbleibt, um eine ausreichende Markierung des Blutes zu
gewährleisten.
ASL kann neben den in dieser Arbeit beschriebenen Perfusionsmessungen auch
für Gefäßdarstellungen eingesetzt werden (14). Vielversprechende Ansätze für
ASL-basierte Angiographiemethoden konnten schon erfolgreich im zerebralen
Gefäßsystem und in den Nierenarterien angewendet werden (15-19). Eine Kom-
bination von Superselective pseudo-CASL und einer optimierten hochauflösenden
3D-Akquisition liefert ebenfalls sehr erfolgversprechende Angiographieaufnah-
men sowohl bei Probanden als auch bei AVM-Patienten (20). Die Angiogra-
phiebilder zeigen dabei nicht nur eine gute Übereinstimmung mit der DSA,
sondern ermöglichen darüber hinaus auch die Identifizierung verschiedener Kom-
partimente in AVMs, die entweder ausschließlich von einzelnen Gefäßen versorgt
werden oder in denen sich das Blut zweier oder mehrerer Arterien vermischt,
was mit Hilfe der DSA häufig nur unzureichend erkenn- und abschätzbar ist.
In der hier vorliegenden Doktorarbeit wurden verschiedene Möglichkeiten zur
Messung zerebraler Perfusionsterritorien basierend auf der MRT untersucht und
entwickelt. Erste vorläufige Ergebnisse lassen es lohnenswert erscheinen, die
vorgestellten Methoden in größeren Patientenstudien einzusetzen. Erst eine
umfassende Anwendung in unterschiedlichsten zerebrovaskulären Erkrankungen
mit hinreichend hohen Variationen innerhalb der einzelnen Patientengruppen
wird die vollständige Evaluierung der Vor- und Nachteile ermöglichen, um über
den klinischen Wert dieser Techniken urteilen zu können.
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